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CHAPTER  1 
INTRODUCTION 


Airborne  particles  (called  aerosols)  can  cause  respiratory  system  damage,  such  as 
nasal  cancer,  bronchitis,  and  pulmonary  disease.1  Each  disease  is  related  to  a respiratory 
region  where  the  particles  deposit.  For  example,  particles  entering  the  nose  and  depositing 
in  the  nasal  region  can  cause  nasal  cancer;  particles  depositing  in  the  tracheobronchial 
region  can  cause  bronchitis,  and  particles  depositing  in  the  pulmonary  region  can  cause 
pulmonary  disease.  These  three  regions  in  the  human  respiratory  system  are  shown 
schematically  in  Fig.  1-1. 

Recent  research  studies  found  that  the  particle  aerodynamic  diameter,  Da, 
determines  the  probability  for  an  airborne  particle  to  enter  the  nose  and  the  respiratory 
region  to  deposit.3'4  To  protect  the  health  of  workers  and  to  prevent  respiratory  system 
damage  due  to  workplace  aerosols,  the  American  Conference  of  Governmental  Industrial 
Hygienists  (ACGIH)5,  the  International  Organization  for  Standardization  (ISO)6,  and  the 
Comite  Europeen  de  Normalisation  (CEN)7  reached  an  agreement  and  defined  three 
conventions  for  workplace  aerosols  that  could  enter  and  deposit  on  these  three  respiratory 
regions  : 


1 


2 


Fig.  1-1 . Three  human  respiratory  regions  (dark  shaded  areas). 

(a)  nasal  region,  (b)  tracheobronchial  region,  (c)  pulmonary  region. 
Source  : Jahnke2. 
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Inhalable  fraction  : representing  the  aerosol  fraction  that  enters  the  nose  and/or  mouth. 

I(Da)  = 0.5[1+  exp(-0.06  Da)]  (1-1) 

for  Da  £ 100  pm 

where 

I(Da)  : inhalable  fraction 

Da : particle  aerodynamic  diameter,  pm 

Thoracic  fraction  : representing  the  sub-fraction  of  the  inhalable  aerosol  that  penetrates 
the  respiratory  tract  below  the  larynx. 

T(DJ  = I(DJ{  l-F/D,))  (1-2) 

where 


T(Da)  : thoracic  fraction 

FT(Da)  is  specified  as  a cumulative  log-normal  function  with  its  median  at  Da  = 1 1.64  pm 
and  having  a geometric  standard  deviation  (Og)  of  1.5. 

Respirable  fraction  : representing  the  sub-fraction  of  the  inhalable  aerosol  that  penetrates 
the  alveolar  region  of  the  lung. 

R(D,)  = I(D,){  1-Fr(D,))  (1-3) 

where 


R(Da)  : respirable  fraction 

FR(Da)  is  a cumulative  log-normal  function  with  its  median  at  Da  = 4.25  pm  and  having  a 
geometric  standard  deviation  (Og)  of  1.5.  The  complex  mathematical  functions  for  FT(Da) 
and  FR(Da)  are  described  elsewhere.8  These  three  defined  conventions  are  graphically 
shown  in  Fig.  1-2. 
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1 10  100 


Particle  Aerodynamic  Diameter,  Da  (jam) 


Fig.  1-2.  Conventional  curves  for  inhalable,  thoracic,  and  respirable 
fractions. 
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In  addition  to  the  particle  aerodynamic  diameter,  the  particle  composition  and 
concentration  is  an  important  factor  of  health  concerns.  Workplace  aerosol  concentration 
standards,  called  threshold  limit  values  (TLVs),  are  listed  in  the  TLVs  and  BEIs 
(Biological  Exposure  Indices)  booklet5  (published  by  the  ACGIH)  to  assist  in  the  control 
of  health  hazards.  For  some  aerosols  not  listed,  the  ACGIH  committee  recommends  an  8- 
hour  time- weighted  average  (TWA)  concentration  of  10  mg/m3  for  inhalable  aerosols  and 
an  8-hour  TWA  concentration  of  3 mg/m3  for  respirable  aerosols. 

To  measure  the  concentration  of  the  aerosols  in  each  defined  convention,  the 
sampler  performance  should  match  the  ACGIH,  ISO  and  CEN  common  convention.  For 
example,  if  a sampler  is  intended  to  collect  inhalable  aerosols,  the  performance  of  this 
sampler  should  match  equation  1-1.  Workplace  aerosol  samplers  are  used  as  area  or 
personal  samplers.  Area  samplers  are  used  as  free-standing  collection  devices,  while 
samplers  mounted  on  the  body  of  the  worker  are  called  personal  samplers.  Because 
personal  samplers  collect  aerosols  more  representative  of  worker  exposure,  most  lab 
studies  and  field  measurements  have  been  conducted  using  personal  sampling. 

Traditionally,  workplace  aerosol  concentration  measurements  were  obtained  using 
a closed-face  37-mm  cassette.  The  former  published  TLVs  (by  the  ACGIH)  were  based  on 
the  epidemiologic  studies  using  the  concentration  measurements  using  closed-face  37-mm 
cassette.  However,  Kenny  et  al.9  evaluated  eight  different  personal  inhalable  aerosol 
samplers  and  found  that  the  closed-face  37-mm  cassette  did  not  match  the  inhalable 
convention.  On  the  other  hand,  an  inhalable  aerosol  sampler  from  the  Institute  of 
Occupational  Medicine  (IOM)  matched  the  inhalable  convention  well.  Therefore,  the  IOM 
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sampler  is  recommended  by  the  AIHA10  as  the  appropriate  personal  inhalable  aerosol 
sampler.  The  IOM  sampler  was  developed  and  tested  by  Mark  and  Vincent.11 

To  revise  the  former  TLVs,  which  were  based  on  the  aerosol  concentration 
measurements  using  the  closed-face  37-mm  cassette,  Tsai  et  al. 12  conducted  a side-by-side 
measurement  using  the  closed-face  37-mm  cassette  and  the  IOM  sampler  in  a nickel  alloy 
plant.  They  found  that  the  aerosol  concentration  measurements  using  the  IOM  sampler 
were  1.3  to  2.4  times  higher  than  those  using  the  closed-face  37-mm  cassette.  Wilsey  et 
al.13  conducted  similar  tests  in  a metal  machining  shop  and  found  that  the  aerosol 
concentration  measurements  using  the  IOM  sampler  were  about  3 times  higher  than  those 
using  the  closed-face  37-mm  cassette.  In  a lead  smelter  plant,  Spear  et  al.14  found  that  the 
aerosol  concentration  measurements  using  the  IOM  sampler  were  about  1.29  to  2.14  times 
higher  than  those  using  the  closed-face  37-mm  cassette.  Werner  et  al.15  summarized  a 
conversion  factor  varying  from  1.0  to  2.5  between  the  IOM  and  the  closed-face  37-mm 
cassette.  Their  conversion  factor  was  mainly  based  on  the  particle  diameter.  For  small 
particles,  such  as  smokes  and  fumes,  the  conversion  factor  was  1.0,  while  for  large  dust, 
the  conversion  factor  was  2.5. 

Although  the  personal  sampler  collects  a more  representative  workplace  aerosol, 
personal  sampling  requires  more  labor,  instruments,  and  worker  involvement  than  area 
sampling.8  The  difficulty  of  having  workers  involved  often  makes  personal  sampling 
impractical.  In  addition,  particles  collected  on  the  filter  of  a personal  sampler  may  be 
knocked  off  by  the  worker’s  body  movement,  thus  resulting  in  a significant  sampling  error. 

For  area  sampling,  there  are  very  few  commercially  available  samplers  having 
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known  particle  sampling  performances  that  fit  the  inhalable  convention.  The  use  of 
personal  samplers  as  area  samplers  is  strongly  discouraged  by  the  American  Industrial 
Hygiene  Association  (AIHA)10  because  of  the  unknown  performances. 

In  this  study,  six  personal  inhalable  aerosol  samplers  were  evaluated  in  both  the 
laboratory  and  the  woodworking  environment  as  area  samplers.  In  the  laboratory,  aerosol 
samplers  were  tested  in  a wind  tunnel  using  monodisperse,  solid  particles.  Measured 
efficiencies  and  inside  losses  of  the  six  samplers  were  obtained.  In  the  field,  all  six 
samplers  were  mounted  on  a cart,  at  the  human  breathing  zone  height,  to  simultaneously 
collect  wood  dusts. 

In  addition  to  the  inhalable  aerosol  samplers,  a University  of  Washington  (UW) 
impactor  and  a Marple  Personal  Cascade  (Marple)  impactor  were  evaluated  in  both  the 
laboratory  and  the  woodworking  environment.  In  the  woodworking  environment,  the  UW 
and  the  Marple  impactor  were  also  mounted  on  the  cart  with  the  six  inhalable  samplers  to 
measure  wood-dust  size  distributions.  The  measured  wood-dust  size  distributions  can  be 
used  for  the  understanding  of  human  health  effects  and  for  the  development  of  wood-dust 
control  techniques.  In  the  laboratory,  these  two  impactors  were  tested  in  the  wind  tunnel 
to  determine  their  inlet  efficiencies  at  different  wind  speeds,  wind  directions,  and  particle 
sizes.  The  impactor  inlet-efficiency  results  were  used  to  find  the  reason  for  the  large 
difference  of  wood-dust  size  distributions  measured  using  these  two  impactors. 


CHAPTER  2 

EQUIPMENT  AND  EXPERIMENTAL  SETUP 
Inhalable  Aerosol  Samplers 

The  inhalable  aerosol  samplers  tested  in  the  woodworking  industry  and/or  in  the 
laboratory  are  described  below. 

RespiCon  Sampler.  As  shown  in  Fig.  2-la,  the  RespiCon  sampler  (Model  8522,  TSI  Inc., 
St.  Paul,  MN,  U.S.A.)  has  a circular  inlet  around  the  inlet-head  perimeter.  Aerosol  is 
aspirated  into  the  circular  inlet  at  a flow  rate  of  3. 10  1/min.  The  aerosol  is  then  separated 
into  three  fractions  by  two  virtual  impactors.  Inside  the  RespiCon,  as  shown  in  Fig.  2- lb, 
particles  with  aerodynamic  diameters  (Da)  less  than  4 pm  are  separated  in  Stage  1 and 
collected  onto  the  top  filter.  Particles  with  Da  greater  than  4 pm  pass  straight  through 
Stage  1 and  flow  downwards  to  Stage  2.  In  Stage  2,  particles  with  Da  between  4 pm  and 
10  pm  are  collected  onto  the  filter  in  Stage  2.  Those  particles  with  Da  greater  than  10  pm 
pass  straight  through  the  Stage  2 and  are  collected  onto  the  bottom  filter.  Particles  on 
these  three  filters  allow  the  determination  of  particle  concentration  for  the  inhalable, 
thoracic,  and  respirable  fractions  : 
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Fig.  2-1.  A RespiCon  sampler. 

(a)  Outside  appearance  (b)  inside  schematic  drawing. 
Source  : manufacturer  (TSI  inc.)  catalog. 
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where 


CR  : particle  concentration  in  the  respirable  fraction 
Mass,  : particle  mass  on  top  filter  (stage  1) 

Q , : sampling  flow  rate  for  Stage  1 ( = 2.66  1/min) 
t : sampling  time 

CT  : particle  concentration  in  the  thoracic  fraction 
MasSj  : particle  mass  on  middle  filter  (stage  2) 

Q 2 : sampling  flow  rate  for  Stage  2 ( = 0.33  1/min) 
C, : particle  concentration  in  the  inhalable  fraction 
Mass3 : particle  mass  on  bottom  filter  (stage  3) 

Q 3 : sampling  flow  rate  for  Stage  3 ( = 0.11  1/min) 


Particles  depositing  on  the  inner  surfaces  of  the  RespiCon  sampler  are  considered  as  inside 
losses.  The  RespiCon  sampler  is  the  only  sampler  tested  that  separates  the  aerosols  into 
the  three  defined  fractions.  The  other  samplers  are  intended  to  collect  the  inhalable 
aerosols  only. 
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Institute  of  Occupational  Medicine  IIOM1  Sampler.  Aerosol  is  aspirated  into  the  IOM 
sampler  (Cat.  No.  : 225-70,  SKC  Inc.,  Eighty  Four,  PA,  U S A.)  through  a 15-mm 
diameter  inlet  orifice  at  a flow  rate  of  2.0  1/min.  Particles  aspirated  into  the  inlet  are  either 
collected  by  a 25-mm  filter  or  depositing  on  the  inside  surfaces  of  an  internal  two-piece 
cassette.  Since  particles  on  both  the  filter  and  the  cassette  are  analyzed  as  the  particulate 
matter  sampled,  there  is  no  inside  particle  loss  in  the  IOM  sampler.  A picture  of  the  IOM 
sampler  is  shown  in  Fig.  2-2a. 

Conical  Inhalable  Sampler  fCIS).  As  shown  in  Fig.  2-2b,  the  CIS  sampler  (BGI  Inc., 
Waltham,  MA,  U S A.)  has  a conical  inlet  section.  Aerosol  is  aspirated  into  the  CIS 
sampler  through  an  8-mm  diameter  inlet  orifice  at  a flow  rate  of  3.5  1/min.  In  normal  use, 
both  the  particles  collected  onto  a 37-mm  filter  and  those  depositing  on  the  filter  holder 
are  analyzed  as  the  particle  sample,  while  those  depositing  on  the  conical  inlet  section  are 
considered  as  inside  losses. 

7-hole  Sampler.  Aerosol  is  aspirated  into  a 7-hole  (SKC  Inc.,  Eighty  Four,  PA,  U S A.) 
sampler  through  seven  4-mm  diameter  inlet  orifices  at  a flow  rate  of  2.0  l/min.  In  normal 
use,  particles  collected  onto  a 25-mm  filter  are  analyzed  as  the  particles  sampled,  while 
those  depositing  on  the  inner  surfaces  are  considered  as  inside  losses.  A picture  of  the  7- 
hole  sampler  is  shown  in  Fig.  2-2c. 

Prototype  Button  Sampler.  As  shown  in  Fig.  2-2d,  the  Prototype  Button  sampler  (SKC 
Inc.,  Eighty  Four,  PA,  U S.  A.)  has  a hemispherical,  metal-screen  inlet,  which  contains 
many  381-pm  diameter  openings.  The  screen  has  a total  open  area  of  21%.  Aerosol  is 
aspirated  through  the  inlet  at  a flow  rate  of  2.0  1/min  and  collected  onto  a 25-mm  diameter 
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Fig.  2-2.  Six  inhalable  aerosol  samplers. 

(a)  IOM  (b)  CIS  (c)  7-hole  (d)  Button  (e)  closed-face  37-mm 
cassette  (f)  open-face  37-mm  cassette. 
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filter.  Only  those  particles  depositing  on  the  front  filter  gasket  were  quantified  as  inside 
losses. 

Closed-face  37-mm  Filter  Cassette.  Aerosol  is  aspirated  into  a closed-face  37-mm  filter 
cassette  (Millipore  Inc.,  Bedford,  MA,  U S A.)  through  a 4-mm  diameter  inlet  orifice  at  a 
flow  rate  of  2.0  1/min.  In  normal  use,  particles  collected  onto  a 37-mm  diameter  filter  are 
analyzed  as  the  particle  catch,  while  those  depositing  on  the  inner  surfaces  are  considered 
as  inside  losses.  A picture  of  the  closed-face  37-mm  filter  cassette  is  shown  in  Fig.  2-2e. 
Open-face  37-mm  Filter  Cassette.  Aerosol  is  aspirated  into  an  open-face  37-mm  filter 
cassette  (Millipore  Inc.,  Bedford,  MA,  U S A.)  through  a 38-mm  diameter  inlet  at  a flow 
rate  of  2.0  1/min.  Particles  collected  onto  a 37-mm  diameter  filter  are  analyzed  as  the 
particle  catch,  while  those  depositing  on  the  inner  surfaces  are  considered  as  inside  losses. 
The  open-face  cassette  has  the  same  sampler  body  as  the  closed-face  cassette.  The 
difference  between  these  two  cassettes  is  that  the  front  piece  (with  a 4-mm  inlet  orifice)  of 
the  closed-face  cassette  is  removed  in  the  open-face  cassette.  The  open-face  cassette  is 
shown  in  Fig.  2-2f.  The  open-face  cassette  was  tested  only  in  the  woodworking  industry. 

Impactors 

Three  impactors  were  used  in  this  study.  The  Marple  impactor  (Model  298, 
Andersen  Samplers  Inc.,  Atlanta,  GA,  U S A.)  and  the  UW  impactor  (Model  D,  Pollution 
Control  Systems  Corp.,  Seattle,  WA,  U S A.)  were  used  in  both  the  field  and  lab  tests.  A 
MOUDI  impactor  (Model  100,  MSP  Inc.,  Minneapolis,  MN,  U S A ),  developed  and 
calibrated  by  Marple  et  al.16,  was  used  in  the  lab  only  as  a reference  impactor  to  compare 
the  measured  particle  size  distributions  with  those  measured  using  the  UW  and  the  Marple 
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impactor.  These  three  impactors  are  shown  in  Figs.  2-3  and  2-4. 

As  shown  in  Fig.  2-3  a,  the  Marple  impactor  inlet  consists  of  a cowl  and  a front 
plate  (called  a visor).  To  investigate  the  effect  of  the  visor,  the  Marple  impactors  with  the 
visor  and  without  the  visor,  as  shown  in  Fig.  2-3b,  were  tested  in  the  wind  tunnel.  The 
UW  impactor  inlet  was  fitted  with  a circular,  metal  tube  with  an  inside  diameter  of  20  mm 
and  an  outside  diameter  of  27  mm.  The  length  of  this  inlet  tube  was  60  mm,  with  the 
bottom  10  mm  threaded  into  the  UW  impactor  body.  The  MOUDI  impactor  inlet  is  a 
built-in  metal  tube  with  an  inside  diameter  of  17  mm  and  an  outside  diameter  of  25.5  mm. 
The  length  of  the  built-in  tube  is  42  mm.  Inlet  efficiencies  of  the  Marple  impactor  and  the 
UW  impactor  were  determined  using  different  particle  sizes  at  different  wind  speeds  and 
wind  directions. 

When  the  particles  pass  the  inlet  and  reach  the  first  impaction  stage,  the  particles 
are  fractionated  by  their  inertial  difference.  As  shown  in  Fig.  2-5a,  particles  of  high  inertia 
which  do  not  follow  the  air  streamline  well,  hit  the  impaction  plate  and  are  collected  onto 
the  plate;  while  particles  of  low  inertia  follow  the  air  streamline  very  well  and  pass  by  the 
impaction  plate.  Generally,  particles  of  large  diameter  have  high  inertia  and  are  more  easily 
collected.  The  particle  diameter  which  has  a 50%  probability  of  being  collected  by  an 
impaction  plate  is  called  the  cut-point  diameter,  or  D50.  The  D50  for  an  impactor  stage 
(consisting  of  a nozzle  and  a following  impaction  plate)  is  governed  by  the  Stokes  number 
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Fig.  2-3.  A Marple  Personal  Cascade  impactor. 
(a)  with  a visor  (b)  without  a visor. 
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Fig.  2-3c.  A University  of  Washington  impactor. 
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Fig.  2-4.  A MOUDI  impactor. 
Source  : Marple  et  al.16 
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Fig.  2-5.  (a)  Particle  trajectory  in  an  impactor  stage. 

(b)  Collection  efficiency  of  an  impactor  stage. 
Source  : Willeke  and  Baron.17 
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where 

Stk50 : Stokes  number  corresponding  to  D50,  (no  unit) 
t : particle  relaxation  time,  or  the  particle  response  time,  (sec) 

U : average  air  velocity  at  the  nozzle  outlet 
pp : particle  density,  (g/cm3) 

Cc : Cunningham  slip  correction  factor,  (no  unit) 
p : air  viscosity,  (g/cm.  sec) 

W : nozzle  diameter,  (cm) 

Ideally,  the  collection  efficiency  curve  should  be  a step  function,  i.e.,  all  particles 
with  diameters  larger  than  D50  are  collected  by  the  impaction  plate,  while  all  particles  with 
diameter  less  than  D50  are  not  collected.  A typical  collection  efficiency  curve  for  an 
impaction  stage  is  like  the  "S"  shape  shown  in  Fig.  2-5b.  Although  some  of  the  mass 
percentage  of  larger  particles  ( > D50)  is  not  collected  and  some  of  the  mass  of  smaller 
particles  ( < Dso)  is  collected,  the  particle  mass  collected  onto  a specific  stage  is  assumed 
to  be  all  from  the  larger  particles. 


Impactors  are  usually  constructed  with  several  impaction  stages  in  series  and  the 
nozzle  diameters  in  every  stage  are  in  decreasing  order.  This  is  called  a cascade  impactor, 
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as  shown  in  Fig.  2-6. 

Because  the  air  flow  rate  into  an  impactor  is  fixed,  when  the  nozzle  diameter  (W) 
is  decreased  the  air  velocity  (U)  is  increased.  From  Equation  2-5,  we  know  that  D50  can  be 
decreased  by  increasing  U or  by  decreasing  W.  Since  the  nozzle  diameters  of  a cascade 
impactor  are  in  decreasing  order,  the  Dso  of  every  impaction  stage  is  also  in  decreasing 
order.  When  the  particle-laden  air  is  directed  through  the  cascade  impactor,  larger 
particles  will  be  collected  by  the  first  stages  and  smaller  particles  by  the  latter  stages. 
Particles  passing  the  last  impaction  stage  are  all  collected  by  a follow-up  filter.  Particle 
size  distribution  is  obtained  by  plotting  the  weight  gains  of  the  impaction  plates  and  the 
filter  vs.  the  D50  values  of  the  impaction  stages. 

For  certain  particle  sampling,  impactors  with  lower  D50  are  required.  By  greatly 
reducing  the  nozzle  diameter  to  52  pm,  Marple  et  al.15  designed  a MOUDI  impactor  with 
D50  as  low  as  0.056  pm.  By  examining  Equation  2-5,  D50  can  also  be  reduced  by 
increasing  Cc  value.  The  Cc  value  is  increased  when  the  impactor  is  operated  at  low 
pressure,  because 

Cc=1+p|"[6  32+2  01eXP(_0  1095/>^)]  (2'6) 

p 

where 

P : absolute  pressure,  (cm-Hg) 

Dp : particle  diameter,  (pm) 

Vanderpool  and  Lundgren  (1990)18  designed  an  impactor  with  D50  as  low  as  0.047  pm, 
which  operated  at  a pressure  of  about  160  mm-Hg  and  is  called  a low-pressure  impactor. 
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Fig.  2-6.  A schematic  drawing  of  a cascade  impactor. 
Source  : Lundgren  et  al  .19 
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To  have  a fixed  and  predictable  collection  efficiency  curve,  Marple  (1970)20  found 
that  the  ratio  between  plate-to-nozzle  distance  and  nozzle  diameter,  S / W,  should  be  from 
1 to  5 and  the  Reynolds  number  in  the  nozzle  from  500  to  10,000.  When  an  impactor  is 
designed  following  these  guidelines,  the  Stk50  is  approximately  equal  to  0.24  and  0.59  for 
round  and  rectangular  nozzles,  respectively.20 

Particle  bounce,  collection  surface  overload,  and  interstage  particle  loss  can  be 
major  problems  when  operating  an  impactor.  Particle  bounce  can  be  greatly  reduced  by 
applying  a thin  layer  of  sticky  material,  such  as  Apiezon  or  Vaseline,  on  the  surface  of  the 
impaction  plates.  To  weight-stabilize  the  collection  surface,  the  greased  impaction  plates 
are  baked  in  an  oven  at  about  90°  C for  1 hour  and  then  cooled  in  the  desiccator 
overnight.  Particle  overload  on  the  impaction  plate  is  avoided  by  reducing  the  sampling 
time  or  by  slowly  rotating  the  impaction  surface,  such  as  a Lundgren  impactor21  or  a 
MOUDI16  impactor.  Interstage  particle  loss  is  mainly  reduced  by  using  a well  designed 
impactor. 

Although  the  particle  separation  characteristic  inside  the  impactor  have  been 
theoretically  and  experimentally  investigated,  the  impactor  inlet  efficiency  is  not  well 
known.  Different  impactors  may  have  significantly  different  inlet  efficiencies  due  to 
different  inlet  geometries.  Different  inlet  efficiencies  would  result  in  different  measured 
particle  size  distributions.  The  inlet  efficiencies  of  the  UW  impactor  and  the  Marple 
impactor  were  measured  in  the  lab  to  help  explain  the  large  difference  in  particle  size 
distributions  measured  in  the  wood-working  industry  by  the  different  impactors. 
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Vibrating  Orifice  AerQgQl  Generator  (VQAQ) 

A VOAG  (Model  3050,  TSI  Inc.,  St.  Paul,  MN,  U S A ),  developed  by  Berglund 
and  Liu22,  was  used  to  generate  monodisperse  test  aerosols  for  use  in  the  lab  studies  and  is 
shown  in  Fig.  2-7.  Uniform  droplets  are  produced  by  pushing  the  liquid  solution,  supplied 
by  a syringe  pump,  through  a small  orifice  (5-41  pm)  to  form  a liquid  cylinder.  This 
liquid  cylinder  is  evenly  broken  up  along  its  length  by  a disturbance  from  a function 
generator.  The  generated  uniform  droplets  are  first  dispersed  using  a dispersion  air  (~1.5 
L / min)  to  prevent  singlet  droplets  from  forming  doublets  and  triplets,  and  then 
completely  dried  using  additional  dilution  air  in  the  drying  column.  To  prevent  the 
plugging  of  the  VOAG  orifice,  a membrane  filter  with  a fine  pore  size  is  used  to  remove 
insoluble  material  in  the  liquid  solution. 

One  main  advantage  of  the  VOAG  is  that  the  generated  particle  size  can  be  easily 
calculated  using  Equation  2-7  : 

Dd  = (6  Q,/  71  f)1/3 

Dp  = Dd  ( C )1/3  (2-7) 

where 

Dd  = droplet  size,  cm 

Q,  = liquid  flow  rate,  cm3  / sec 

f = frequency  of  the  function  generator,  Hz 

Dp  = dry  particle  diameter,  cm 

C = volumetric  concentration  of  the  solution,  dimensionless 
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Fig.  2-7.  A schematic  drawing  of  a Vibrating  Orifice  Aerosol  Generator  (VOAG) 
and  a deflection  test  for  droplet  uniformity. 
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Li  and  Lundgren23  found  that  the  difference  between  the  calculated  and  the  measured 
particle  diameters  was  less  than  5%.  The  main  difficulty  in  operating  the  VOAG  is  that  the 
small  orifice  is  easily  clogged.  Therefore,  a lot  of  patience  and  time  are  required. 

The  orifice  diameter  and  the  syringe  pump  liquid  flow  rate  of  the  VOAG  were 
determined  by  the  desired  particle  diameter.  The  detailed  working  ranges  of  these  two 
parameters  were  described  by  Berglund  and  Liu.22 

The  frequency  of  the  function  generator  for  each  orifice  diameter  was  determined 
by  a deflection  test,  as  shown  in  Fig.  2-7.  When  the  frequency  was  out  of  tune,  the  droplet 
stream  was  deflected  into  several  minor  streams,  as  shown  in  the  upper  left-hand  comer  of 
Fig.  2-7.  When  the  frequency  was  close  to  that  required,  the  droplet  stream  was  deflected 
into  two  streams,  as  shown  in  the  upper  right-hand  comer  of  Fig.  2-7.  By  slowly  adjusting 
the  function  generator,  the  frequency  was  tuned  and  the  droplet  stream  was  deflected  into 
single  stream,  as  shown  in  the  center  of  Fig.  2-7.  The  operating  conditions  for  the  orifice 
diameter,  the  syringe  pump  flow  rate  and  the  frequency  of  the  function  generator  are  listed 
in  Table  2-1. 

In  this  study,  the  VOAG  generated  monodisperse  particles  were  made  of 
ammonium  fluorescein  shown  in  Fig.  2-8.  The  reason  for  choosing  ammonium  fluorescein 
particles  as  the  test  aerosol  was  that  ammonium  fluorescein  particles  could  be  easily 
recovered  using  a 0. 1 N sodium  hydroxide  (NaOH)  solution  and  then  be  accurately 
quantified  using  a fluorometer.  To  generate  spherical  particles,  the  dilution-air  flow  rate 
should  be  carefully  controlled.23  A liquid  particle  solution  of  28%  volume  concentration 
was  initially  produced  and  other  concentrations  of  particle  solution  were  generated  by 
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Table  2-1.  Operating  conditions  of  the  YOAG  for  generating  monodisperse  particles 


Calculated  Da  (pm) 

5 

10 

21 

41 

68 

Orifice  Diameter 
(nm) 

15 

15 

30 

41 

41 

Frequency  (KHz) 

47 

47 

39 

23.5 

21.5 

Particle  Solution 
Cone.,  (%) 

0.1 

0.8 

3 

8 

28 

Syringe  Pump  Flow 
Rate  (cm3/min) 

0.11 

0.11 

0.25 

0.42 

0.48 
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Fig.  2-8.  Scanning  electron  micrograph  of  ammonium  fluorescein 
particles,  (a)  Particle  diameter  of  3.2  micrometer,  (b)  Particle 
diameter  of  4.6  micrometer. 
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diluting  this  28%  solution  with  deionized  (DI)  water.  Production  of  the  28%  ammonium 
fluorescein  solution  is  shown  as  the  following  : 

MW  (Molecular  Weight)  of  fluorescein  (C20H12O5)  = 332  (g/g-mole) 

MW  of  ammonium  hydroxide  (NH4OH)  = 35  (g/g-mole) 

C20H,2O5  + NH4OH  - C20HnO5NH4  (MW  = 349)  + H20  (2-8) 

Density  of  the  ammonium  fluorescein  (C20HnO5NH4),  pp  = 1.35  (g/cm3),  (Stober  and 

Flachsbart24) 

28%  concentration  by  volume  = 280  ml  of  ammonium  fluorescein  / 1000  ml  of  solution 

= 378  g of  ammonium  fluorescein  / 1 liter  of  solution 
The  quantity  of  fluorescein  needed  = 378  (332  / 349)  g / 1 liter  of  solution 

= 360  g /I  liter  of  solution 

To  ensure  that  all  of  the  solid  fluorescein  reacted  with  ammonium  hydroxide,  the  amount 
of  ammonium  hydroxide  added  was  twice  as  much  as  that  requested  by  Equation  2-8. 
Moles  of  NH4OH  = (360  / 332)  2 = 1.08  (g-mole) 

The  NH4OH  solution  available  was  14.8  N (g-mole/liter). 

The  volume  ofNH4OH  solution  = 1 .08  / 14.8  = 0.073 (liter)  = 73  (ml) 

Therefore  an  ammonium  fluorescein  solution  of  28%  volume  concentration  was  produced 
by  adding  360  g of  solid  fluorescein  to  73  ml  of  14.8-N  NH4OH  solution  and  making  this 
solution  up  to  1 liter  with  DI  water. 

The  diameters  of  the  particles  generated  by  the  VO  AG  were  calculated  using  Eq. 
2-7.  The  following  example  is  presented  for  Da  = 68  pm  : 

Dd  = (6Q,/7if)1/3 
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Q,  = 0.485  (cm3/ min)  = 8.08*10’3  (cm3/sec) ; f = 21.5  KHz  = 2.15*104  Hz 
Dd=  [6*8.08*  10'3/  71  *2. 15*  104  ]1/3  = 89.6  (pm) 

Dp  = Dd  * (C)1/3,  Cone.  = 28%,  Dp  = 89.6  * (0.28)1/3  = 58.6  (pm) 

Da  = Dp  * (Pp)*,  (Hinds  25),  Da  = 58.6  * (1.35)*  = 68  (pm) 

Other  calculated  particle  aerodynamic  diameters  are  listed  in  Table  2-1. 

To  generate  the  68  pm  particles,  the  particle  solution  (28%)  had  to  be  prefiltered 
to  prevent  the  plug-up  of  the  membrane  filter  located  before  the  orifice  disk.  Because  of 
the  high  pressure  drop  through  the  membrane  filter,  a 25  cm3  syringe  was  used  to  supply 
the  prefiltered  particle  solution.  When  a 50  cm3  syringe  was  used  the  syringe  pump 
slipped,  which  resulted  in  the  non-uniformity  of  the  test  particles.  To  reduce  the  pressure 
drop,  a membrane  filter  of  5 pm  pore  size  was  used  to  remove  insoluble  particles  from 
clogging  the  41 -pm  orifice. 

Attempts  were  made  to  generate  particles  with  Da  greater  than  80  pm  using  higher 
particle  concentration  (greater  than  28%)  or  larger  orifice  diameter  (greater  than  41  pm) , 
but  both  attempts  were  not  successful.  It  was  found  that  when  the  concentration  of  the 
ammonium  fluorescein  solution  was  greater  than  30%,  the  solution  was  saturated  and 
some  solid  fluorescein  was  not  dissolved.  When  the  orifice  diameter  was  greater  than  50 
pm,  the  generated  particles  were  too  large  to  reach  the  sampler  testing  area  due  to  gravity 
and  impaction  losses. 

Collison  Atomizer 

A Collison  atomizer,  as  shown  in  Fig.  2-9,  was  applied  to  generate  polydisperse 
uranine  test  particles  with  mass  median  aerodynamic  diameter  (MMAD)  smaller  than  2 
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^ Compressed  Air 


Fig.  2-9.  A Collison  atomizer. 
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pm.  Droplets  of  wide  size  range  are  formed  by  using  compressed  (267  kPa,  Pa=N/m2)  air 
to  nebulize  a uranine  solution.  Larger  droplet  (with  higher  inertia)  are  removed  when  they 
hit  the  wall  and  trickle  back  to  the  solution  reservoir,  while  the  smaller  droplets  (with 
lower  inertia)  follow  the  air  stream  and  exit. 

Charge  Neutralizer : Kr-85  (Krypton-85) 

The  radioactive  source,  Kr-85,  was  used  to  charge  neutralize  the  small  particles 
generated  using  the  Collison  atomizer.  When  the  electrically  charged  particles  pass 
through  the  Kr-85  chamber,  these  charged  particles  attract  oppositely  charged  air 
molecules,  generated  by  the  Kr-85  source.  The  charged  particles  eventually  reach  a 
Boltzmann  charge  equilibrium,  the  charge  distribution  of  a particle  in  charge  equilibrium 
with  bipolar  ions. 

Fluorometer 

A fluorometer  (Model  112,  Turner  Assoc.,  Palo  Alto,  CA,  U.S.A.)  was  used  to 
determine  the  quantity  of  the  ammonium  fluorescein  and  uranine  particles,  which  deposit 
on  the  glass-fiber  filters  or  on  the  inner  surfaces  of  the  aerosol  samplers.  By  applying  a UV 
(ultraviolet)  light  to  excite  fluorescein  in  the  solution,  the  solution  concentration  is 
determined.  After  multiplying  the  solution  concentration  by  its  volume,  the  particle  mass  is 
obtained. 

To  dissolve  the  ammonium  fluorescein  particles  and  the  uranine  particles,  sodium 
hydroxide  (NaOH)  solution  of  0. 1 N and  0.01  N were  used,  respectively.  About  30  ml  of 
the  NaOH  solution  was  added  to  dissolve  the  particles  on  the  filter.  To  ensure  complete 
dissolution  of  the  particles,  this  solution  was  sonicated  in  a water  bath  for  about  10 
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minutes.  The  particle  loss  on  the  inside  surfaces  was  fully  recovered  using  the  same  NaOH 
solution  ( in  a squeeze  bottle).  Three  readings  were  obtained  and  averaged  for  each 
particle  sample.  The  background  measurements  of  the  glass  fiber  filters  used  were  near  the 
fluorometer  detection  limit. 

Hot-Wire  Anemometer 

A hot-wire  anemometer  (Model  8330,  TSI  Inc.,  St.  Paul,  MN,  U.S.A.)  was  used 
to  measure  the  air  velocity  inside  the  lab  wind  tunnel.  The  hot-wire  anemometer  has  an 
air-velocity  sensor  which  is  maintained  at  a fixed  temperature.  When  the  air  stream  passes 
the  heated  sensor,  the  sensor  is  cooled  down.  To  heat  up  the  sensor  to  the  fixed 
temperature,  an  electrical  current  was  supplied  by  a battery.  The  amount  of  electrical 
current  supplied  is  proportional  to  the  air  velocity. 

The  hot-wire  anemometer  was  calibrated  at  2 1 ° C and  1 atm  by  the  manufacturer. 
When  the  hot-wire  anemometer  is  used  at  other  temperature  and  pressure,  it  should  be 
corrected  by  the  following  equation  : 


V =V  [ 

act  m*- 


273+Tm,r  101.4, 
273+21  L P 

m 


where 

Vact  = actual  air  velocity 
Vm  = measured  air  velocity 
Tm  = measured  temperature,  °C 
Pm  = measured  pressure,  kPa 


(2-9) 
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Wind  Monitor 

A rotating-vane  Wind  Monitor  (Model  05305,  R.M.  Young  Company,  Traverse 
City,  MI,  U.S.A.),  as  shown  in  Fig.  2-10,  was  used  to  measure  the  wind  velocity  and  wind 
direction  inside  the  wood-working  plants.  The  Wind  Monitor  used  has  a detection  limit  of 
0.2  m/s.  When  the  measured  wind  speed  was  less  than  0.2  m/s,  the  displayed  readout  is  0. 

Experimental  Setup  in  the  Field 

As  shown  in  Fig.  2-1  la,  field  samples  of  airborne  wood-dusts  were  obtained  using 
five  different  inhalable  aerosol  samplers  and  two  different  impactors.  For  each  kind  of  the 
sampler,  duplicates  were  used  in  each  run  except  for  the  IOM  and  the  UW  impactor. 

Three  IOMs  were  simultaneously  used  to  measure  the  wood-dust  concentration  difference 
in  the  sampling  zone.  Only  one  UW  impactor  was  used  in  each  run. 

As  shown  in  Fig.  2-1  lb,  all  samplers  were  mounted  side-by-side  on  a cart  at 
human  breathing  zone  height.  The  flow  rates  of  the  Marple  impactor,  IOM,  7-hole, 
closed-face  and  open-face  cassette  were  controlled  at  2.0  1/min.  The  flow  rate  of  the  UW 
impactor  and  that  of  the  CIS  were  controlled  at  15  l/min  and  3.5  1/min,  respectively.  Each 
flow  rate  was  controlled  using  a critical  orifice  and  monitored  using  a rotameter  except  for 
the  UW  impactor.  The  flow  rate  of  the  UW  impactor  was  only  monitored  using  a 
rotameter.  Each  flow  rate  was  calibrated  using  a Gilibrator  (an  electronic  standard  bubble 
meter)(Gilian  Instrument  Corp.,  Wayne,  NJ,  U S A.)  at  the  sampler  inlet.  The  Gilibrator 
was  checked  using  a manual  standard  bubble  meter  with  an  one-liter  column.  The 
measured  flow  rate  difference  between  the  Gilibrator  and  the  manual  standard  bubble 


meter  was  less  than  2%. 
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Fig.  2-10.  A rotating-vane  Wind  Monitor  used  in  the  wood-working 
industry. 
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Fig.  2-1 1 . Sampler  arrangement  in  the  wood-working  industry, 
(a)  Sampler  arrangement  (b)  sampling  height. 
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The  collected  particle-sample  weights  were  determined  by  weighing  the  filters  and  the 
impaction  plates  before  and  after  the  test  using  a Cahn  microbalance  (Model  C-3 1,  Cahn 
Instrument  Inc.,  Cerritos,  CA,  U S A.)  or  using  a Mettler  balance  (Model  HK  60,  Mettler- 
Toledo  Inc.,  Hightstown,  NJ,  U S A ).  The  Cahn  microbalance  used  has  a readability  of 
0.001  mg  (lpg)  and  the  Mettler  balance  has  a readability  of  0.01  mg.  For  the  IOM  and  the 
CIS  sampler,  the  filter  and  the  filter  holder  were  weighed  together.  Because  of  the  heavy 
tare  weights  (greater  than  3 g)  of  these  filter  holders,  the  particle  samples  collected  using 
the  IOM  and  the  CIS  were  weighed  using  the  Mettler  balance.  The  other  samples  were 
weighed  using  the  Cahn  microbalance. 

The  impaction  plates,  made  of  stainless-steel,  were  coated  with  Apeizon-H  grease 
to  prevent  particle  bounce.  A 5-pm  (pore-size)  polyvinyl  chloride  (PVC)  filter  was  put 
behind  the  last  impaction  stage  to  collect  the  particles  with  aerodynamic  diameters  smaller 
than  the  last-stage  cut-point  diameter  ( D50).  Before  the  weighting,  the  impaction  plates 
and  the  PVC  filter  were  desiccated  for  2 days. 

Before  the  field  sampling,  the  Mylar  (thin  plastic  film)  impaction  plates  for  the 
Marple  impactor  were  tested  in  the  lab  using  sodium  chloride  (NaCl)  particles,  generated 
by  the  Collison  atomizer.  It  was  found  that  when  the  particle  loading  on  the  Mylar 
substrate  was  high,  the  collected  particles  could  fall  off  due  to  the  wrinkle  of  the  Mylar 
substrate,  which  stuck  tightly  to  the  O-ring  inside  the  impactor  stage.  Therefore,  only  the 
impaction  plates  made  of  stainless-steel  were  used  in  this  study. 

Experimental  Setup  in  the  Lab 


To  compare  the  particle  sizing  performances  of  three  impactors,  as  shown  in  Fig. 
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2-12,  the  test  aerosol  was  generated  by  atomizing  a solution  of  sodium  chloride  (NaCl) 
and  uranine  using  a Collison  atomizer  operated  at  a pressure  of  200  kPa.  This  aerosol  was 
charge-neutralized  using  Kr-85  (radioactive  material)  and  mixed  with  100  1/min  of  dilution 
air.  There  were  a circular  mixing  plate  inside  the  tubing  (150-mm  diameter)  to  help  the 
test  aerosol  uniformly  mix  with  the  dilution  air.  A flow  laminator  was  used  to  evenly 
distribute  the  diluted  aerosol.  The  end  of  the  tubing  was  expanded  to  200  mm  diameter  to 
accommodate  the  four  impactors  (one  MOUDI,  one  UW  impactor,  and  two  Marple 
impactors).  These  four  impactors  were  evenly  located  inside  the  200  mm  diameter  circular 
space. 

To  determine  the  inlet  efficiencies  of  the  aerosol  samplers,  solid,  monodisperse, 
ammonium-fluorescein  test  particles  with  aerodynamic  diameters  ranging  from  5 to  68  pm 
were  generated  using  a Vibrating  Orifice  Aerosol  Generator  (VOAG).  To  effectively 
transport  large  VOAG  generated  particles,  the  drying  air  system  supplied  to  the  VOAG 
was  modified  as  shown  in  Fig.  2-13.  Liquid  particles  from  the  VOAG  were  lifted  upwards, 
dried,  and  directed  into  a wind  tunnel  using  an  air  flow  rate  of  425  1/min.  In  the  vertical 
wind  tunnel  section,  the  test  aerosol  was  mixed  with  a dilution  air  using  a mixing  plate,  it 
was  then  transported  horizontally  to  the  sampler  testing  zone.  To  reduce  large-scale 
turbulence  at  the  sampler  testing  zone,  a laminator  with  20  rectangular  openings  of  25  mm 
by  100  mm  was  used. 

At  the  beginning  of  this  study,  it  was  found  that  the  original  VOAG  drying  column 
was  too  small  and  the  drying  air  flow  rate  was  too  low  to  effectively  transport  particles 
with  Da  greater  than  40  pm.  It  was  found  that  using  the  original  drying  air  system,  more 
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Fig.  2-12.  A schematic  diagram  of  the  system  set-up  for  testing 
a MOUDI  impactor,  a UW  impactor  and  two 
Marple  Personal  Cascade  impactors. 
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Fig.  2-13.  Schematic  drawing  of  the  testing  wind  tunnel.. 
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than  95%  of  the  large  particles  (Da  greater  than  40  pm)  were  lost  before  they  reached  the 
test  wind  tunnel.  This  low  particle  generation  rate  resulted  in  an  undetectable  particle 
concentration  at  the  sampler  testing  zone  of  the  wind  tunnel.  Therefore,  the  drying  column 
was  increased  from  100  mm  to  150  mm  and  the  drying  air  flow  rate  increased  from  100 
1/min  to  425  1/min,  which  resulted  in  abundant  large  test  particles  available  at  the  sampler 
testing  zone. 

For  the  68  pm  particles,  the  mixing  plate  was  removed  to  reduce  the  observed  high 
particle  losses.  Because  of  the  high  settling  velocity  (14  cm/s)  of  the  68-pm  particles, 
when  testing  the  samplers  using  this  particle  size,  the  samplers  were  located  at  the  bottom 
half  of  the  sampler  testing  zone  to  overcome  the  high  particle  concentration  difference  at 
the  top  half  due  to  the  gravity  settling. 

To  assure  the  test  particle  quality,  during  each  syringe  run  of  the  VO  AG,  particles 
were  collected  at  the  sampler  testing  zone  using  an  open-face  37-mm  cassette  with  the 
sampler  inlet  air  velocity  similar  to  the  test  section  air  velocity.  Diameter  of  the  collected 
particles  was  measured  using  a light  microscope.  Particles  collected  on  the  filters  of  the 
aerosol  samplers  were  also  checked  using  the  light  microscope. 

The  VOAG  particle  mass  output  was  unacceptably  low  for  small  particles. 
Therefore,  polydisperse,  uranine  test  particles  with  a mass  median  diameter  (MMD)  of  1.6 
pm  and  geometric  standard  deviation  (GSD)  of  2.7  were  generated  using  a Collison 
atomizer.  The  MMD  and  GSD  values  were  measured  at  the  sampler  testing  zone  using  an 
8-stage  Marple  Personal  Cascade  impactor  (without  a visor). 
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Two  wind  speeds,  0.55  m/s  and  1.1  m/s,  were  used  in  this  study.  The  wind  speeds 
were  measured  using  a hot-wire  anemometer.  For  each  test  condition,  three  sampling 
positions  with  particle  concentration  difference  less  than  10%  were  located  in  the  sampler 
testing  zone  by  simultaneous  measurement  using  three  isokinetic  sharp-edge  probes. 

For  the  inhalable  aerosol  sampler  test,  as  shown  in  Fig.  2-14,  one  isokinetic  probe 
and  two  inhalable  aerosol  samplers  were  simultaneously  put  at  the  same  positions  as  those 
located  by  the  three  isokinetic  probes  and  then  the  samplers’  positions  were  sequentially 
changed.  The  measured  efficiency  and  the  inside  loss  of  the  inhalable  aerosol  sampler  are 
determined  by  Equations  (2-10)  and  (2-11),  respectively  : 


Measured  Efficiency  = 


C,nh 

C isok 


MaSSJQinh 

MaSSiJQiSok 


(2-10) 


Inside  Loss  = 


MaSSlosJQ,nh 
Mass  JO.  . 

ISOK  *-'lSOK 


(2-11) 


Where 

Cmh  = particle  concentration  measured  by  the  inhalable  aerosol  sampler. 

Cl**  = particle  concentration  measured  by  the  isokinetic  probe, 

Mass^  = mass  of  particle  sample  collected  by  the  inhalable  aerosol  sampler, 
MassLsok  = mass  of  particles  collected  by  the  isokinetic  probe, 

Masses,  = mass  of  particles  depositing  on  the  inner  surfaces  of  the  inhalable  aerosol 
sampler, 

Qinh  = air  flow  rate  through  the  inhalable  aerosol  sampler, 

Qisok  ~ air  flow  rate  through  the  isokinetic  probe. 
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Fig.  2-14.  Sampler  arrangement  in  the  wind  tunnel. 

Front  - an  isokinetic  probe,  right  - an  IOM,  left  - a 7-hole. 
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For  the  impactor  test,  two  sampling  locations  were  found  with  nearly  equal  particle 
concentration  (difference  less  than  10%).  Concentration  differences  were  determined  from 
simultaneous  measurement  using  two  isokinetic  sharp-edge  probes.  In  each  test,  one 
isokinetic  probe  and  one  impactor  were  located  at  the  previously  determined  test 
positions.  In  a second  test,  the  isokinetic  probe  and  the  impactor  positions  were  reversed. 
For  the  Marple  impactor,  the  first-stage  outlet  efficiency  and  the  losses  on  both  the  cowl 
inlet  and  the  first-stage  surfaces  are  determined  by  Equations  (2-12)  and  (2-13), 
respectively  : 


First -stage  outlet  efficiency  = 


C 


imp 


c 


isok 


MassJQjmp 

Mass,JQ,Sok 


(2-12) 


Inside  Loss  = 


Mass,  IQ 

loss  x^imp 

MaSSiJQisok 


(2-13) 


Where 

= measured  particle  concentration  at  the  first-stage  outlet  of  the  Marple  impactor, 
Qsok  ~ measured  particle  concentration  using  the  isokinetic  probe, 

Mass^  = mass  of  particles  collected  at  the  first-stage  outlet  of  the  Marple  impactor, 
Mass^  = mass  of  particles  collected  using  the  isokinetic  probe, 

Mass,08S  = mass  of  particles  depositing  on  the  cowl  inlet  or  on  the  first-stage  surfaces, 
Q,mp  = air  flow  rate  through  the  Marple  impactor, 

Qisok = a'r  flow  rate  through  the  isokinetic  probe. 

The  inlet  efficiency  of  the  Marple  impactor  is  determined  by  summing  the  first- 


44 


stage  outlet  efficiency  and  the  inside  losses  on  both  the  cowl  inlet  and  the  first-stage 
surfaces.  For  the  UW  impactor  inlet,  all  particles  entering  the  inlet  were  quantified 
together  using  similar  method.  The  air  flow  rate  through  each  impactor  (including  the 
isokinetic  probe)  was  monitored  using  a rotameter,  which  was  calibrated  using  a 
Gilibrator.  The  testing  wind  tunnel  is  shown  in  Fig.  2-15. 

To  recover  the  particle  losses  inside  the  samplers,  different  procedures  were  used. 
For  example,  to  recover  the  inside  losses  on  the  inlet  head  of  the  RespiCon  sampler,  the 
outside  surfaces  of  the  inlet  head  were  first  cleaned  using  a NaOH-soaked  Q-tip.  Particles 
depositing  inside  various  sampler  sections  were  then  dissolved  and  washed  out  using  the 
NaOH  solution.  Particle  losses  inside  the  7-hole  sampler  were  recovered  using  a NaOH- 
soaked  Q-tip,  and  then  sonicating  the  Q-tip  for  5 minutes  in  a NaOH  solution.  Particle 
losses  inside  the  CIS  conical  inlet  and  the  closed-face  37-mm  cassette  were  recovered  by 
carefully  rinsing  the  inside  surfaces  using  a NaOH-containing  squeeze  bottle.  Before 
rinsing  the  inside  surfaces,  the  outside  surfaces  around  the  inlets  were  carefully  cleaned  to 
prevent  the  particles  on  the  outside  surfaces  from  being  included. 

The  air  flow  rate  through  each  sampler  (including  the  isokinetic  probe)  was 
monitored  using  a rotameter  and  controlled  using  a critical  orifice.  The  rotameters  and  the 
orifices  were  calibrated  using  a calibrated  Gilibrator.  To  minimize  the  effect  of  filter 
pressure  drop  on  flow  rate  variation,  glass  fiber  filers  (A/E  type)  were  used  for  particle 
collection  in  lab  study.  The  sampling  flow  rate  difference  due  to  filter  loading  was  found 


to  be  less  than  1%. 
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Fig.  2-15.  A testing  wind  tunnel. 


CHAPTER  3 

RESULTS  AND  DISCUSSION 
Inhalable  Aerosol  Samplers 

Weight  Instability  of  the  IOM  and  the  CIS  Plastic  Filter  Holders 

At  the  beginning  of  field  sampling  in  the  woodworking  mills,  many  particle 
samples  collected  using  the  IOM  and  the  CIS  samplers  had  “negative”  weight  gains.  For 
the  IOM  and  the  CIS  samplers,  aerosols  were  aspirated  into  the  inlet  orifice  and  collected 
onto  a filter,  which  was  supported  by  a filter  holder  made  of  a plastic  material.  The  filter 
and  the  filter  holder  for  the  IOM  and  the  CIS  sampler  were  weighed  together  before  and 
after  the  sampling  to  determine  the  net  weight  of  the  collected  particles.  For  the  7-hole, 
closed-face  and  open-face  37-mm  cassettes,  only  the  filter  was  weighed  before  and  after 
the  sampling  to  determine  the  net  weight  of  the  collected  particles.  This  gravimetric 
analysis  technique  has  been  widely  used  and  recommended  by  many  researchers.9'13,26 

To  determine  the  source  of  error  in  the  sampling  procedures,  three  consecutive 
tests  were  conducted.  The  first  test  measured  the  tare-weight  variations  during  desiccation 
of  six  IOM  plastic  (filter)  cassettes,  six  IOM  stainless-steel  cassettes,  six  CIS  plastic 
holders,  six  25-mm  Polyvinyl  Chloride  (PVC)  filters  and  six  37-mm  PVC  filters.  The 
second  test  measured  the  tare- weight  changes  of  the  PVC  filters  and  the  plastic 
cassettes/holders  shown  in  Figs.  3-1  and  3-2  after  they  were  exposed  to  the  ambient 
environment  for  3 days.  The  third  test  measured  the  tare-weight  variations  of  the  plastic 
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Fig.  3-1.  An  IOM  sampler  and  its  plastic  cassette. 
Note  : (a),  (b)  and  © were  weighed  together. 
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Fig.  3-2.  A CIS  sampler  and  its  plastic  holder. 
Note  : (a),  (b)  and  © were  weighed  together. 
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cassettes/holders  in  the  weighing  room  conditions. 

In  the  first  test  series,  IOM  plastic  and  stainless-steel  cassettes  and  CIS  plastic 
holders  were  cleaned  with  distilled  water,  dried  in  the  weighing  room  for  seven  days,  and 
then  desiccated  for  10  days.  The  relative  humidity  (RH)  and  temperature  (T)  in  the 
weighing  room  were  in  the  range  of  75%  ± 5%  and  21  °C  ± 1 °C,  respectively.  The 
desiccant  used  was  silica  gel.  When  one  sample  was  weighed,  the  others  were  kept  in  the 
desiccator.  The  IOM  plastic  cassettes  and  the  PVC  filters  were  weighed  using  a Cahn 
C-31  microbalance  (1  pg  readability).  The  CIS  plastic  holders  and  the  IOM  stainless- steel 
cassettes  were  weighed  using  a Mettler  HK-60  balance  (10  pg  readability). 

In  the  second  test  series,  plastic  cassettes  and  holders  were  put  on  a metal  screen, 
covered  with  Petri  dishes,  and  then  placed  in  an  outside  sheltered  housing  for  three  days. 
During  those  three  days,  the  housing  RH  varied  between  50%  and  98%  and  the 
temperatures  varied  between  21  and  33  °C.  The  samples  were  then  desiccated  and 
reweighed  every  24  hours  over  a 12-day  period.  At  the  beginning  of  the  test,  fresh  silica 
gel  was  put  into  the  desiccator  and  used  (without  change)  for  12  days. 

At  the  beginning  of  the  third  test  series,  the  same  plastic  cassettes  and  holders 
were  washed  with  distilled  water  and  wiped  dry.  The  plastic  cassettes  and  holders  were 
then  exposed  to  the  weighing  room  conditions  and  reweighed  daily  for  14  days. 

The  average  tare-weight  losses  of  six  IOM  stainless-steel  cassettes,  six  IOM 
plastic  cassettes  and  six  CIS  plastic  holders  in  the  desiccator  are  plotted  in  Fig.  3-3.  For  10 
consecutive  days,  the  average  tare-weights  of  the  IOM  plastic  cassette  and  the  CIS  plastic 
holder  continuously  decreased.  Weight  losses  for  the  CIS  plastic  holders  were  typically 
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Fig.  3-3.  Average  tare-weight  losses  of  six  IOM  plastic  cassettes,  six  CIS 
plastic  holders,  and  six  IOM  stainless-steel  cassettes  in  a desiccator. 
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greater  than  those  for  the  IOM  plastic  cassettes.  On  the  other  hand,  tare-weights  of  the 
IOM  stainless-steel  cassettes  were  stable. 

After  a 3 -day  exposure  to  the  ambient  environment,  the  average  tare- weight  losses 
(due  to  desiccation)  of  six  IOM  plastic  cassettes  and  six  CIS  plastic  holders  were  very 
similar  to  Fig.  3-3.  However,  it  was  found  that  tare- weights,  for  all  plastic  cassettes  or 
holders,  would  not  return  to  the  initial  values  even  though  the  desiccation  time  was  the 
same.  This  means  that  the  tare-weights  of  plastic  cassettes  and  holders  vary  with  exposure 
conditions  prior  to  desiccation.  Typical  tare-weight  variations  of  an  IOM  plastic  cassette 
before  and  after  a 3-day  ambient  exposure  is  shown  in  Table  3-1.  This  tare-weight 
variation  will  bias  the  estimated  weight  of  collected  particle  samples.  For  example,  if  the 
IOM  plastic  cassette  is  desiccated  for  only  three  days  before  and  after  sampling,  the 
weight  difference  is  0.48  mg  (802.903  - 802.423).  This  0.48-mg  variation  would  introduce 
a 48%  error  to  a 1 mg  sample.  Sample  weights  typically  range  from  0. 1 mg  to  2 mg.27 

For  the  PVC  filters  alone,  it  was  found  that  the  weight  variations  were  no  more 
than  0.006  mg  (6  pg)  after  two  days  desiccation  time.  Typical  tare-weight  variations  of  a 
37-mm  Polyvinyl  Chloride  (PVC)  filter  before  and  after  a 3-day  ambient  environment 
exposure  is  shown  in  Table  3-2.  Following  the  previous  test  series,  six  IOM  plastic 
cassettes  and  six  CIS  plastic  holders  were  placed  in  the  weighing  room  and  reweighed 
daily  for  14  days.  It  was  found  that  the  tare- weights  of  all  plastic  filter  holders  (or 
cassettes)  continuously  increased  for  14  days. 

It  appeared  that  these  commercially  available  plastic  cassettes  or  holders  were 
hygroscopic  and  should  not  be  weighed  together  with  the  particle  samples.  In  the 


52 


Table  3-1 . Tare-weight  variation  (due  to  desiccation)  of  an  IOM  plastic  cassette 


Desiccation 

0 

1 

2 

3 

4 

5 

6 

Days 

Before  (mg) 

804.666 

803.530 

803.161 

802.903 

802.614 

802.309 

802.223 

After  (mg) 

804.070 

803.065 

802.645 

802.423 

802.129 

801.852 

801.718 

Table  3-2.  Tare-weight  variation  (due  to  desiccation)  of  a 37-mm  Polyvinyl  Chloride 


(PVC)  filter  before  and  after  a 3-day  exposure  to  the  ambient  environment. 


Desiccation 

Days 

0 

1 

2 

3 

4 

5 

6 

Before  (mg) 

12.941 

12.935 

12.937 

12.933 

12.934 

12.935 

12.934 

After  (mg) 

12.935 

12.936 

12.933 

12.935 

12.931 

12.932 

12.933 
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following  field  sampling,  for  the  IOM  sampler,  the  stainless-steel  filter  cassettes  were 
used.  For  the  CIS  sampler,  only  the  filter  was  weighed  before  and  after  a field  test.  A 
commercially  available  stainless-steel  filter  holder  was  not  available.  After  each  field  test, 
particles  depositing  on  the  CIS  plastic  filter  holder  were  carefully  recovered  and  deposited 
onto  the  filter  using  a small  paint  brush. 

Field  Results  for  Inhalable  Aerosol  Samplers 

For  the  particle  mass  concentration  measurements  in  the  wood-working  mills,  only 
the  normalized  data  are  presented  in  this  study  due  to  the  business  confidentiality  and 
contract  agreement  with  the  project  sponsor.  For  each  test,  the  average  value  of  two  or 
three  simultaneous  measurements  from  each  type  of  sampler  was  divided  by  the  average 
value  of  two  simultaneous  measurements  made  using  the  closed-face  37-mm  filter 
cassette.  The  normalized  results  are  shown  in  Tables  3-3  and  3-4. 

As  shown  in  Tables  3-3  and  3-4,  the  particle  concentration  measurement  made 
using  the  IOM  sampler  had  the  highest  average  ratio  value  (IOM/closed-face)  ranging 
from  117%  to  217%.  The  range  of  this  ratio  is  close  to  the  conversion  factor  (100%  to 
250%)  summarized  by  Werner  et  al.15  although  their  conversion  factor  is  mainly  for 
personal  sampling.  This  ratio  value  (open-face/closed-face)  between  the  open-face  cassette 
and  the  closed-face  cassette  ranged  from  49%  to  122%.  The  concentration  measurements 
using  the  7-hole  and  the  CIS  sampler  were  greater  than  those  using  the  closed-face 
cassette. 

To  measure  the  particle  concentration  difference  within  the  sampler  array  at  a 
given  sampling  location,  three  IOM  samplers  (as  shown  in  Fig.  2-11)  were  simultaneously 
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Table  3-3.  Particle  concentration  ratio  between  the  37-mm  closed-face  cassette  and 
the  other  samplers  at  a plywood  mill. 


Test  1 

Test  2 

Test  3 

Test  4 

Closed-face 

97%,  103% 
Avg.=  100% 

100%,  100% 
Avg.=  100% 

93%,  107% 
Avg=  100% 

105%,  95% 
Avg.  = 100% 

CIS 

140%,  152% 
Avg.=  146% 

130%,  120% 
Avg.  = 125% 

128%,  135% 
Avg.=  132% 

180%,  155% 
Avg.=  168% 

IOM 

81%,  184% 
144% 

Avg.=  136% 

120%,  220% 
190% 

Avg.=  180% 

140%,  205%, 
146% 

Avg.=  164% 

158%,  145%, 
160% 

Avg.=  154% 

Open-face 

102%,  77% 
Avg.=  90% 

130%,  110% 
Avg.=  120% 

104%,  138% 
Avg.=  121% 

*NA 

7-hole 

125%,  112% 
Avg.=  119% 

140%,  140% 
Avg.=  140% 

135%,  128% 
Avg.=  132% 

130%,  110% 
Avg.=  120% 

* Samples  were  dropped  during  the  transportation  from  the  field  to  the  lab. 


Table  3-3(cont.).  Particle  concentration  ratio  between  the  37-mm  closed-face  cassette 


Test  5 

Test  6 

Average 

Closed-face 

103%,  97% 
Avg.=  100% 

107%,  93% 
Avg.=  100% 

100% 

CIS 

104%,  117% 
Avg.=  111% 

184%,  180% 
Avg.=  182% 

143% 

IOM 

92%,  147%, 
113% 

Avg.=  117% 

116%,  201% 
185% 

Avg.=  168% 

153% 

Open-face 

100%,  100% 
Avg.=  100% 

1 1 1%,  88% 
Avg.=  99% 

106% 

7-hole 

100%,  110% 
Avg.=  105% 

125%,  121% 
Avg.=  123% 

123% 
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Table  3-4.  Particle  concentration  ratio  between  the  37-mm  closed-face 


cassette  and  the  other  samplers  at  a particle-board  mill. 


Test  1 

Test  2 

Test  3 

Test  4 

Avg. 

Closed- 

face 

103%,  97% 
Avg.=  100% 

108%,  92% 
Avg.=  100% 

114%,  86% 
Avg.=100% 

110%,  90% 
Avg.=100% 

100% 

IOM 

244%,  189% 
Avg.=  217% 

279%,  142% 
Avg.=  210% 

166%,  121% 
Avg.=  143% 

147%,  112% 
Avg.=  129% 

175% 

Open- 

face 

54%,  129% 
Avg.=  92% 

42%,  77% 
Avg.=  59% 

88%,  61% 
Avg.=  75% 

48%,  50% 
Avg.=  49% 

69% 

7-hole 

146%,  151% 
Avg.=  149% 

137%,  30% 
Avg.=  84% 

112%,  84% 
Avg.=  98% 

92%,  88% 
Avg.=  90% 

105% 
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used.  Table  3-3  shows  that  the  concentration  difference  is  greater  than  50%  for  most  tests 
and  occasionally  the  concentration  difference  is  greater  than  100%.  It  shows  that  particle 
concentration  in  the  workplace  is  highly  variable. 

To  obtain  a better  estimate  of  particle  concentration  in  the  workplace, 
simultaneous  measurements  using  at  least  three  samplers  of  the  same  type  together  with 
multiple  sampling  tests  at  the  same  location  are  recommended.  Before  choosing  a specific 
sampling  location,  a thorough  survey  of  the  plant  (or  mill)  was  essential.  In  our  field 
sampling,  the  sampling  locations  were  chosen  based  on  the  number  of  workers  present  and 
the  apparent  dustiness  of  the  location.  To  further  understand  the  measured  particle 
concentration  difference  for  each  type  of  the  sampler,  a series  of  laboratory  wind  tunnel 
tests  were  conducted.  The  tests  are  described  below. 

Lab  Results  for  Inhalable  Aerosol  Samplers 

RespiCon  sampler.  Fig.  3 -4a  shows  the  average  measured  efficiency  vs.  particle  size  for 
the  RespiCon  sampler  at  a wind  speed  of  0.55  m/s.  The  differences  between  the  measured 
efficiencies  and  the  inhalable  convention  are  less  than  10%.  The  measured  efficiency  was 
determined  by  comparing  the  particle  mass  concentration  measured  using  the  RespiCon 
sampler  with  that  measured  using  an  isokinetic  probe.  Theoretically,  the  isokinetic  probe 
has  a 100%  inlet  efficiency  for  particle  sampling.  For  each  data  point,  an  average  value  of 
two  or  three  measurements  was  plotted.  The  detailed  results  are  shown  in  Appendix  A. 

At  wind  speed  of  1. 1 m/s,  as  shown  in  Fig.  3 -4b,  the  performances  of  the 
RespiCon  sampler  fit  the  inhalable  convention  fairly  well  except  at  the  68- pm  particle  size. 
The  RespiCon  sampler  over-samples  68-pm  particles  by  25%.  A recent  study  by  Baldwin 


Particle  Loss,  % Measured  Efficiency,  % 
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(b)  Measured  efficiency  (Vwjnd 
100 


= 1.1  m/s) 


10 


100 


10 


100 


Particle  Aerodynamic  Diameter,  Da  ^ 
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Fig.  3-4.  Measured  efficiency  and  inside  particle  loss  of  a RespiCon  sampler, 
(a)  and  (b) : measured  efficiency. 

Circle  symbols  : inhalable;  square  symbols  : thoracic;  triangle  symbols  : respirable, 
(c)  and  (d)  : inside  particle  loss.  Triangle  symbols  : loss  on  second  stage. 
Note  : the  1 .6  micrometer  test  aerosol  was  not  of  a uniform  size  and  those 
data  points  need  a correction  factor. 
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Fig.  3-Ae.  Corrected  efficiency  of  a RespiCon  sampler. 
Solid  line  : inhalable  convention. 
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and  Maynard28  shows  that  the  average  wind  speed  in  indoor  workplaces  is  0.3  m/s.  The 
test  wind  speed  of  0.55  m/s  is  close  to  this  reported  average  workplace  wind  speed.  Wind 
speed  less  than  0.55  m/s  was  not  used  in  this  study  due  to  the  difficulty  in  transporting 
large  particles  at  lower  wind  speed. 

Inside  particle  losses  of  the  RespiCon  sampler  are  shown  in  Figs.  3 -4c  and  3-4d. 
For  5 pm  particles,  the  RespiCon  sampler  has  particle  losses  of  about  18%  associated  with 
the  first  stage  nozzle,  which  has  a cutpoint  diameter  of  4 pm  (particle  loss  at  4 pm  may 
even  be  higher).  Most  inside  losses  of  the  5-pm  particles  were  found  on  the  tip  of  the  first 
receiving  tube.  The  high  particle  losses  on  the  first  receiving  tube  could  result  from  the 
low  ratio  value  between  the  diameter  of  the  first  receiving  tube  and  that  of  the  (first) 
nozzle  from  the  inlet  head.  According  to  the  study  of  Loo  and  Cork29,  to  minimize  the 
inside  particle  losses  of  a virtual  impactor,  this  diameter  ratio  should  be  between  1.35  and 
1.40.  The  ratio  for  the  first  stage  of  the  RespiCon  is  only  1.1  (3. 2/2. 9).  These  high  particle 
losses  could  result  in  partial  plugging  of  the  receiving  tube  and  performance  change  of  the 
RespiCon  sampler.  Particle  losses  inside  the  inlet  head  and  on  the  second  nozzle  are 
generally  low. 

The  measured  efficiencies  for  the  respirable  and  the  thoracic  fraction  are  also 
shown  in  Figs.  3-4a  and  3-4b.  For  the  thoracic  fraction,  the  performances  of  the  RespiCon 
sampler  match  the  thoracic  convention  very  well  except  for  the  5-pm  particles.  The  under- 
sampling of  the  5-pm  particles  probably  results  from  the  high  inner  particle  losses.  With 
the  addition  of  the  5-pm  particle  losses  to  the  measured  thoracic  efficiency,  the  difference 
between  the  measured  value  and  the  thoracic  convention  would  be  less  than  10%. 

The  measured  respirable  efficiencies  fit  the  respirable  convention  very  well  except 
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for  the  1.6-pm  particles.  Under-sampling  of  the  1.6-pm  particles  results  from  the  non- 
uniformity  of  the  test  particles.  The  1.6-pm  test  aerosol  has  17%  of  the  particles  with 
aerodynamic  diameters  greater  than  the  cutpoint  diameter  (4  pm)  of  the  respirable 
fraction. 

In  the  operational  manual  of  the  RespiCon  sampler,  a correction  factor  of  1.5  is 
applied  to  the  inhalable  fraction.  When  the  correction  factor  is  used,  as  shown  in  Fig.  3-4e, 
the  corrected  efficiencies  are  much  higher  than  the  inhalable  convention  for  particles  with 
aerodynamic  diameters  greater  than  10  pm.  Based  on  the  results  of  this  study,  the  1.5 
correction  factor  for  the  RespiCon  sampler  appears  unnecessary  for  area  sampling. 

IOM  sampler.  The  aerosol  measurement  efficiencies  of  the  IOM  sampler,  at  three  wind 
orientations  (0°,  90°,  and  180°)  and  two  wind  speeds  (0.55  and  1 . 1 m/s),  are  shown  in 
Figs.  3-5a  and  3-5b.  For  0°  orientation  (wind  toward  the  sampler  inlet),  the  measured 
efficiencies  continuously  increase  from  100%  as  the  particle  aerodynamic  diameter 
increases  from  10  to  68  pm.  For  90°  and  180°  orientations,  the  measured  efficiencies 
continuously  decrease  from  about  1 00%  to  nearly  0%  as  the  particle  aerodynamic 
diameter  increases.  Because  the  filter  and  the  filter  cassette  are  analyzed  together  in  the 
IOM  sampler,  there  was  no  separate  measurement  for  particle  loss. 

For  the  sampling  of  inhalable  aerosols,  the  IOM  sampler  significantly  over-sampled 
large  particles  (Da  greater  than  20  pm)  when  the  wind  orientation  was  about  0°  and  under- 
sampled large  particles  when  the  wind  orientation  was  90°  and  180°,  as  shown  in  Figs.  3- 
5a  and  3-5b.  As  the  particle  diameter  increases,  the  difference  between  the  inhalable 
convention  and  the  measured  efficiency  of  the  IOM  sampler  increases.  Because  the  wind 
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Fig.  3-5.  Measured  efficiency  of  an  IOM  sampler  at  three  different  wind 
orientations.  Solid  line  : inhalable  convention. 

(a)  Wind  speed  = 0.55  m/s;  (b)  wind  speed  = 1.1  m/s. 
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condition  inside  the  indoor  working  environment  varies,  the  IOM  sampler  would  not 
normally  have  an  appropriate  sampling  efficiency  for  the  inhalable  aerosols  when  it  is  used 
as  an  area  sampler. 

7-hole  sampler.  The  measured  efficiencies,  as  shown  in  Figs.  3-6a  and  3-6b,  are  similar  to 
those  of  the  IOM  sampler  except  for  the  test  condition  of  0.55  m/s  wind  speed  and  0° 
wind  orientation,  which  has  measured  efficiencies  gradually  decreasing  from  100%  as  the 
particle  diameter  increases.  This  measured  efficiency  decrease  resulted  mainly  from 
the  particle  loss  increase,  as  shown  in  Fig.  3 -6c.  As  will  be  discussed  in  the  following 
section,  when  large  particles  were  collected  onto  the  filter,  some  particles  bounced  off. 
Although  the  inlet  efficiency  increased  as  the  particle  diameter  increased,  particle  bounce 
resulted  in  a measured  efficiency  decrease  (based  on  particle  mass  on  the  filter  only)  and  a 
measured  particle  loss  increase. 

Similar  to  the  IOM  sampling  performance,  the  7-hole  sampler  over-sampled  the 
large  inhalable  particles  (Da  > 20  pm)  when  the  wind  orientation  was  about  0°  and  under- 
sampled the  large  inhalable  particles  when  the  wind  orientation  was  90°  and  1 80°.  The 
inside  particle  losses,  as  shown  in  Figs.  3 -6c  and  3-6d,  are  nearly  0%  for  90°  and  180° 
orientations.  For  0°  orientation,  the  inside  losses  increase  as  the  particle  diameter 
increases. 

Closed-face  37-mm  cassette.  Generally,  the  measured  efficiencies  (based  on  particle  mass 
on  the  filter  only),  as  shown  in  Figs.  3 -7a  and  3 -7b,  decrease  from  100%  as  the  particle 
diameter  increases  for  all  test  wind  conditions.  For  the  sampling  of  particles  with  Da 
greater  than  30  pm,  the  closed-face  37-mm  cassette  has  a measured  efficiency  lower  than 
the  inhalable  convention  in  all  three  wind  directions  ( 0°,  90°  and  180°).  As  the  particle 
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1 10  100  1 10  100 


Particle  Aerodynamic  Diameter,  Da  m) 

Fig.  3-6.  Measured  efficiency  and  inside  particle  loss  of  a 7-hole  sampler 
at  three  different  wind  orientations  and  two  wind  speeds. 

(a)  and  (b) : measured  efficiency,  (c)  and  (d) : particle  loss. 

Solid  lines  in  (a)  and  (b) : inhalable  convention. 
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(a)  Measured  efficiency  (Vwjnd  = 0.55  m/s)  (b)  Measured  efficiency  (Vwind  = 1.1  m/s) 
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Fig.  3-7.  Measured  efficiency  and  inside  particle  loss  of  a closed-  face  37-mm 
cassette  at  three  different  wind  orientations  and  two  wind  speeds. 

(a)  and  (b) : measured  efficiency,  (c)  and  (d) : particle  loss. 

Solid  lines  in  (a)  and  (b) : inhalable  convention. 
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diameter  increases,  the  difference  between  the  inhalable  convention  and  the  measured 
efficiency  of  the  closed-face  cassette  increases. 

The  inside  particle  losses,  as  shown  in  Figs.  3-7c  and  3-7d,  are  low  for  90°  and 
1 80°  orientations.  For  0°  orientation,  the  inside  losses  have  a steep  increase  and  reach  a 
maximum  measured  value  at  the  particle  test  diameter  of  41  pm.  At  a particle  test 
diameter  of  68  pm,  the  losses  were  lower.  The  maximum  inside  loss  is  87%  for  a wind 
speed  of  1. 1 m/s,  and  54%  for  a wind  speed  of  0.55  m/s.  Losses  may  be  higher  at  other 
non-tested  particle  sizes. 

CIS  sampler.  The  measured  efficiencies  (based  on  particle  mass  on  both  the  filter  and  the 
filter  holder),  as  shown  in  Figs.  3 -8a  and  3 -8b,  decrease  from  100%  as  the  particle 
diameter  increases  for  all  test  wind  conditions.  For  the  sampling  of  particles  with  Da 
greater  than  about  50  pm,  the  CIS  sampler  under-sampled  the  inhalable  aerosols  for  all 
test  wind  conditions.  The  inside  particle  losses  on  the  conical  inlet  section,  as  shown  in 
Figs.  3-8c  and  3-8d,  are  insignificant  for  90°  and  180°  orientations.  For  0°  orientation,  the 
inside  losses  increase  as  the  particle  diameter  increases. 

Prototype  Button  sampler.  For  0°  wind  orientation,  the  measured  efficiencies  (based  on 
particle  mass  on  the  filter  only),  as  shown  in  Figs.  3-9a  and  3-9b,  have  the  maximum 
measured  value  at  41  pm.  When  the  particle  diameters  are  less  than  10  pm,  the  measured 
efficiencies  are  fairly  stable  (from  87%  to  98%).  When  the  tested  particle  diameter 
increases  from  41  to  68  pm,  the  measured  efficiencies  decrease.  The  low  measured 
efficiency  for  the  21  pm  particles  at  0.55  m/s  wind  speed  could  result  from  experimental 


errors. 
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(a)  Measured  efficiency  (Vwind  = 0.55  m/s)  (b)  Measured  efficiency  (Vwind  = 1.1  m/s) 


Fig.  3-8.  Measured  efficiency  and  inside  particle  loss  of  a CIS  sampler  at 
three  different  wind  orientations  and  two  wind  speeds. 

(a)  and  (b) : measured  efficiency,  (c)  and  (d) : particle  loss. 

Solid  lines  in  (a)  and  (b) : inhalable  convention. 
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Fig.  3-9.  Measured  efficiency  and  inside  particle  loss  of  a Prototype  Button 
sampler  at  three  different  wind  orientations  and  two  wind  speeds. 

(a)  and  (b) : measured  efficiency,  (c)  and  (d) : particle  loss. 

Solid  lines  in  (a)  and  (b) : inhalable  convention. 
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For  90°  and  180°  orientations,  the  measured  efficiencies  decrease  from  about  80%  to 
nearly  0%  as  the  particle  diameter  increases  from  1.6  to  68  pm.  Similar  to  the  IOM  and 
the  7-hole  sampler,  the  Prototype  Button  sampler  over-sampled  the  large  inhalable 
aerosols  (Da  greater  than  20  pm)  when  the  wind  direction  was  about  0°  and  under- 
sampled the  large  inhalable  aerosols  when  the  wind  direction  was  greater  than  90°.  The 
particle  losses,  as  shown  in  Figs.  3-9c  and  3-9d,  on  the  front  gasket  are  insignificant 
except  for  large  particles  at  the  test  condition  of  1 . 1 m/s  wind  speed,  0°  wind  orientation. 
The  detailed  lab  results  for  each  of  the  inhalable  aerosol  samplers  are  shown  in  Appendix 
A. 

Lab  Data  Discussion  for  Inhalable  Aerosol  Samplers 

Among  the  six  aerosol  samplers  tested  as  area  samplers  at  wind  speeds  of  0.55  and 
1.1  m/s,  only  the  RespiCon  sampler  has  a sampling  performance  which  reasonably  matches 
the  inhalable  convention.  For  the  other  five  samplers,  sampling  performance  is  highly 
dependent  on  wind  direction.  For  example,  when  sampling  68  pm  particles  at  a wind 
speed  of  0.55  m/s,  the  IOM  sampler  has  a measured  efficiency  of  180%  for  a 0°  wind 
orientation  and  about  a 3%  sampling  efficiency  for  90°  and  180°  wind  orientations. 
Generally,  for  a given  particle  diameter,  the  measured  efficiency  at  0°  resulted  in  the 
highest  value,  and  the  measured  efficiency  at  1 80°  was  generally  somewhat  greater  than 
that  at  90°.  In  the  workplace,  the  wind  condition  varies.  When  a sampler  is  used  as  an  area 
sampler  in  the  workplace,  its  position  is  fixed.  This  could  result  in  an  over-sampling  or  an 
under-sampling  of  the  workplace  aerosols  depending  on  sampler  inlet  orientation  relative 
to  the  air  movement.  For  large  particles  (Da  > 50  pm)  in  moderate  air  velocity  (~  1 m/s), 
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concentration  measurements  could  vary  by  a factor  of  2 to  10  because  of  sampler 
orientation  to  the  wind  direction. 

In  this  study,  it  was  found  that  the  closed-face  37-mm  cassette,  CIS  sampler,  and 
7-hole  sampler  had  high  inside  particle  losses  for  large  particles.  To  obtain  some  insight 
into  this  problem,  only  the  central  area  (~  20  mm)  of  the  37-mm  filters  in  the  closed-face 
cassette  and  the  CIS  sampler  were  coated  with  Vaseline  to  collect  and  prevent  bouncing 
off  the  41 -pm  particles  at  the  test  condition  of  1 . 1 m/s  wind  speed,  0°  wind  orientation. 
With  the  greased  filters,  the  inside  particle  losses  of  the  37-mm  cassette  decreased  from 
87%  to  1%  and  the  inside  losses  of  the  CIS  sampler  decreased  from  42%  to  15%.  This 
means  that  most  of  the  large,  solid  particles  entering  the  closed-face  37-mm  cassette  hit 
the  filter  and  bounce  off,  which  results  in  the  low  measured  efficiency.  High  inner  particle 
losses  of  the  closed-face  37-mm  cassette  were  also  found  by  Moore  et  al.30  in  the  wood- 
dust  sampling.  For  the  CIS  sampler,  about  two-thirds  of  the  inside  large-particle  losses  are 
due  to  the  particle  bounce-off  and  one-third  of  the  losses  are  due  to  gravity  settling. 
Therefore,  when  these  three  samplers  were  used  as  personal  or  area  samplers,  their 
sampling  performances  (based  on  particle  mass  on  the  filter)  will  depend  on  the  stickiness 
of  the  sampled  particles.  For  example,  for  the  same  particle  diameter,  the  measured 
efficiency  of  solid  particles  will  be  less  than  that  of  liquid  particles  (approximately  equal  to 
the  measured  efficiency  plus  measured  particle  loss  for  the  solid  particles). 

To  have  a better  understanding  of  the  sampler  inlet  performances  (noted  as  the 
inlet  efficiency),  a plot  of  the  measured  efficiency  plus  the  inside  loss  of  four  aerosol 
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samplers  operating  at  0°  wind  orientation  are  shown  in  Figs.  3-10a  and  3-10b.  Generally, 
at  0°  wind  orientation,  the  inlet  efficiency  increases  with  the  velocity  ratio  R (R  =Vwind  / V, 
where  Vwind  = wind  velocity,  V,  = inlet  velocity).  When  R is  greater  than  one,  the  inlet 
efficiency  increases  from  100%  as  the  particle  diameter  increases;  on  the  other  hand,  when 
R is  less  than  one,  the  inlet  efficiency  decreases  from  100%  as  the  particle  diameter 
increases.  When  R is  close  to  1,  as  shown  in  the  CIS  curve  of  Fig.  3-10b,  the  inlet 
efficiency  is  almost  constant  at  100%.  However,  for  large  particles,  the  inlet  efficiency  of 
the  closed-face  37-mm  cassette  is  slightly  greater  than  100%  even  though  R is  less  than  1 . 
That  could  result  from  the  re-entrainment  or  bounce  of  large  particles  from  the  outside 
surfaces  of  the  closed-face  cassette.  Theoretically,  for  particles  of  infinite  inertia,  the  inlet 
efficiency  will  asymptotically  approach  the  R value.  For  example,  at  wind  speed  of  0.55 
m/s,  the  IOM  sampler  has  the  R value  of  2.9;  therefore,  the  maximum  inlet  efficiency  of 
the  IOM  could  be  290%  for  very  large  particles.  For  90°  and  1 80°  wind  orientations,  since 
the  inside  losses  are  low,  the  inlet  efficiency  will  be  close  to  the  measured  efficiency;  the 
measured  efficiency  (~  inlet  efficiency),  as  shown  in  Figs.  3-4  to  3-8,  decreases  as  the 
particle  diameter  increases. 

Inlet  efficiency  error  bars,  equal  to  ± one  sample  standard  deviation  (SSD),  at  0° 
wind  orientation  are  shown  in  Figs.  3-10a  and  3-10b.  Generally,  the  SSD  values  are  less 
than  10%  for  particles  less  than  41  pm.  For  68-pm  particles,  the  SSD  values  are  relatively 
high.  This  probably  resulted  from  the  non-uniform  mixing  of  large  particles  due  to  the 
mixing  plate  removal  and  the  gravity  settling.  To  decrease  the  effect  of  gravity  settling  on 
the  particle  concentration  uniformity,  the  samplers  were  located  at  the  bottom  half  of  the 
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Fig.  3-10.  Effects  of  velocity  ratio,  R = Vwjnd  / V,  (inlet  velocity),  on  inlet 

efficiency  of  four  aerosol  samplers  at  0°  wind  orientation. 

(a)  Wind  speed  = 0.55  m/s,  (b)  wind  speed  = 1.1  m/s. 

Note  : error  bars  shown  equal  to  plus-minus  one  (sample)  standard  deviation. 
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wind  tunnel  for  the  68-pm  particle  testing.  The  SSD  values  for  other  samplers  and  wind 
orientations  are  similar  to  those  of  Figs  3-10a  and  3-1  Ob.  Two  to  six  replica  tests  were  run 
at  every  data  point.  Errors  due  to  the  background  (fluorocein)  particles,  particle  recovery, 
uniformity  of  particle  size,  and  sampling  flow  rate  variations  were  found  to  be 
insignificant.  Measurement  variability  was  probably  due  to  aerosol  concentration 
variability. 

To  further  understand  the  effect  of  wind  orientation  on  the  inlet  efficiency,  an  IOM 
sampler  was  tested  at  30°  intervals  from  0°  to  180°  using  monodisperse,  solid  particles  of 
21  pm  at  wind  speed  of  1. 1 m/s.  As  shown  in  Fig.  3-11,  the  inlet  efficiency  (based  on 
particle  mass  on  both  the  filter  and  the  filter  cassette)  continuously  decreases  from  0°  to 
90°  and  stays  fairly  constant  from  90°  to  120°.  From  120°  to  180°,  the  inlet  efficiency 
slowly  and  continuously  increases.  As  the  sampler  is  rotated  from  0°  to  90°,  the  effective 
inlet  area  continuously  decreases,  which  decreases  the  inlet  efficiency.  When  the  sampler  is 
further  rotated  from  90°  to  180°,  at  a certain  angle  greater  than  120°,  the  sampler  body  will 
induce  a particle-trapping  turbulence  around  the  sampler  inlet,  which  results  in  the  inlet 
efficiency  increase. 

Wood-Dust  Size  Distribution  and  Impactor  Inlet  Efficiency 
Field  Results  for  Wood-Dust  Size  Distribution 

Cascade  impactors  are  used  to  measure  particle  size  distributions  for  the 
understanding  of  human  health  effects  and  for  the  development  of  particle  control 
techniques.31  To  obtain  an  accurate  particle  size  distribution,  the  aerosol  sampled  by  the 
impactor  should  be  the  same  as  that  present  in  the  environment.  Although  most  cascade 
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Fig.  3-1 1 . Effect  of  wind  orientation  on  inlet  efficiency  of  an  IOM  sampler. 
Wind  speed  = 1.1  m/s,  particle  aerodynamic  diameter  = 21  micrometer. 
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impactors  have  similar  particle  separation  characteristics,  they  may  have  significantly 
different  inlet  efficiencies  due  to  different  inlet  geometries.  Different  inlet  efficiencies 
would  result  in  different  measured  particle  size  distributions. 

Typical  side-by-side  particle  size  distribution  measurements  in  the  woodworking 
industry  using  a UW  impactor  and  a Marple  impactor  are  shown  in  Figs.  3- 12a  to  3-1 2d. 
As  shown  in  Figs.  3- 12a  and  3- 12b,  particles  in  the  woodworking  industry  appear  to  have 
a bimodal  size  distribution.  The  coarse  mode  is  for  the  particles  with  aerodynamic 
diameter  (Da)  greater  than  about  1 pm,  and  the  fine  mode  is  for  the  particles  with  Da  less 
than  about  1 pm.  After  the  field  measurements,  it  was  observed  that  particles  depositing 
on  the  impactor  stages  with  D50  greater  than  1 pm  have  a light  brown  color,  while  those 
particles  on  the  impactor  stages  with  D50  less  than  1 pm  and  on  the  after-filter  have  a dark 
black  color.  It  assumes  that  most  “wood”  particles  have  their  aerodynamic  diameters 
greater  than  1 pm. 

The  cumulative  plots  for  wood  particles  only  (Da  > 1 pm)  are  shown  in  Figs.  3- 12c 
and  3-12d.  The  wood  particles  appear  to  have  a log-normal  size  distribution.  The  mass 
median  aerodynamic  diameter  (MMAD)  and  the  geometric  standard  deviation  (GSD) 
measured  using  the  UW  impactor  (Fig.  3-12c)  are  1 10  pm  and  4.2,  respectively. 

The  MMAD  and  the  GSD  are  defined  as  the  following  : 

MMAD  = d50%  (3-1) 

QSQ-  ^84%  _ ^50% 

^50%  ^16% 


(3-2) 
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Fig.  3-12.  Particle  size  distributions  measured  using  a University  of  Washington 
impactor  and  a Marple  Personal  Cascade  impactor  at  the  trimming  area  of  a 
particle-board  mill. 

(a)  and  (b) : histogram  for  all  measured  particles. 

(c)  and  (d) : cumulative  plot  for  wood  particles  only  (Da  > 1 p m) 
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where 

dI6o/o , d50„/o,  d84%=  particle  aerodynamic  diameter  corresponding  to  16%,  50%,  and 

84%  mass  percentage  in  the  cumulative  plot,  respectively. 

However,  the  MMAD  and  the  GSD  measured  using  the  Marple  impactor  (Fig.  3-1 2d)  are 
30  pm  and  2.3,  respectively.  The  coarse  mode  MMADs,  GSDs,  total  mass  / sampling  flow 
rate,  and  wind  speeds  measured  at  other  locations  in  the  wood  products  mills  are 
summarized  in  Table  3-5.  The  detailed  particle  size  distribution  plots  are  shown  in 
Appendix  B. 

The  maximum  particle  diameters  in  the  histograms.  Figs.  3- 12a  and  3- 12b,  were 
chosen  as  the  particle  diameters  at  the  95%  mass  limit  on  the  cumulative  plots,  Figs.  3- 12c 
and  3-12d.  For  example,  the  upper-limit  of  Fig.  3-1 2b  is  140  pm,  which  corresponds  to 
the  particle  diameter  at  95%  in  Fig.  3-12d.  The  chosen  maximum  particle  diameter  was 
checked  by  observing  the  particles  collected  on  the  first  impaction  plate  using  a light 
microscope.  The  lower-limit  particle  diameter  of  0. 1 pm  was  arbitrarily  chosen  for  easy 
plotting,  which  is  the  same  as  the  low-limit  particle  diameter  used  by  Burkhart  et  al.31 

As  shown  in  Table  3-5,  the  GSD  values  measured  by  the  UW  impactor  are  greater 
than  those  measured  by  the  Marple  impactor.  For  large  particles  (e.g.  MMAD  £ 50  pm) 
the  MMAD  values  measured  by  the  UW  impactor  are  much  greater  than  those  measured 
by  the  Marple  impactor.  As  the  MMAD  value  (as  measured  by  the  UW  impactor) 
increases,  the  difference  between  the  MMAD  measured  by  these  two  impactors  increases. 
For  smaller  particles  (e.g.  MMAD  s ~ 20  pm),  the  MMAD  values  measured  by  these  two 
impactors  are  very  close.  The  MMADs  measured  by  the  UW  impactor  vary  from  6.2  pm 
to  250  pm  and  the  GSDs  from  2.6  to  6.3,  while  the  MMADs  measured  by  the  Marple 
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Table  3-5.  Measured  MMADs,  GSDs,  Mass  / Volume,  and  wind  speeds  in  woodworking 
industry. 


ID. 

MMAD  (pm) 

GSD 

Mass  / Volume 

Mass  / Volume  for 

Wind  Speed 

No. 

(Coarse  Mode) 

(Coarse  Mode) 

(Total) 

Da  < ~ 10  pm 

(m/s) 

UW 

Marple 

UW 

Marple 

UW 

Marple 

UW 

Marple 

1 

46 

30 

4.3 

2.7 

1.6 

1.3 

0.30 

0.17 

0.3 

2 

16 

17 

2.8 

1.8 

0.72 

0.80 

0.30 

0.22 

0.3 

3 

6.5 

6.0 

3.8 

3.0 

0.68 

0.77 

0.52 

0.54 

<0.2 

4 

120 

31 

5.8 

2.9 

1.82 

0.84 

0.18 

0.13 

<0.2 

5 

250 

40 

6.2 

3.9 

3.94 

1.35 

0.26 

0.22 

0.2 

6 

150 

40 

5.0 

3.1 

3.09 

2.74 

0.21 

0.42 

<0.2 

7 

68 

22 

3.8 

2.8 

0.87 

0.85 

0.11 

0.23 

<0.2 

8 

50 

19 

3.8 

2.7 

0.82 

0.83 

0.18 

0.25 

0.3 

9 

250 

45 

6.3 

2.6 

5.88 

4.70 

0.35 

0.44 

<0.2 

*10 

110 

28 

4.2 

2.2 

2.34 

2.22 

0.18 

0.29 

<0.2 

11 

21 

18 

2.6 

2.1 

1.03 

1.37 

0.35 

0.34 

<0.2 

12 

160 

30 

5.0 

2.1 

3.47 

1.49 

0.27 

0.19 

<0.2 

Avg. 

104 

27 

4.5 

2.7 

2.19 

1.60 

0.27 

0.29 

— 

* For  Marple  impactor,  average  value  of  two  simultaneous  measurements  shown  in 
Table  3-6  was  used. 
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impactor  vary  from  6.4  pm  to  45  pm  and  the  GSDs  from  1.8  to  3.8. 

Table  3-5  also  shows  a particle  concentration  measurement,  calculated  from  the 
ratio  of  total  collected  particle  mass  and  sampled  volume,  for  the  Marple  impactor  and 
the  UW  impactor.  Generally,  when  the  measured  MMAD  (using  the  UW  impactor  data) 
was  less  than  100  pm,  the  relative  concentrations  calculated  for  these  two  impactors  were 
similar.  However,  when  the  measured  MMAD  from  the  UW  impactor  was  greater  than 
200  pm,  the  particle  concentration  obtained  using  the  UW  impactor  could  be  up  to  three 
times  as  high  as  that  obtained  from  the  Marple  impactor.  For  particles  with  Da  less  than 
about  10  pm,  the  average  concentration  measurements  from  these  two  impactors  are 
almost  the  same.  The  cutpoint  diameters  used  for  the  UW  impactor  and  the  Marple 
impactor  comparison  were  1 1.6  pm  and  9.8  pm,  respectively. 

Table  3-6  shows  a side-by-side  measurement  comparison  between  two  Marple 
impactors  and  a UW  impactor.  The  measured  MMAD,  GSD,  and  concentration  values 
between  these  two  Marple  impactors  were  close.  As  expected,  the  measured  MMAD  and 
GSD  values  using  the  UW  impactor  were  greater  than  those  using  the  Marple  impactors. 
However,  the  total  concentration  measurement  using  the  UW  impactor  was  within  the  two 
values  determined  by  the  Marple  impactors.  For  particles  with  Da  less  than  about  10  pm, 
the  concentration  measurement  using  the  UW  impactor  was  less  than  the  two  measured 
values  using  the  Marple  impactors.  This  measured  concentration  difference  could  result 
from  actual  concentration  difference  at  the  sampling  location  or  from  the  weighing  error 
due  to  the  low  weight  gain  on  the  impaction  stages  with  D50  less  than  10  pm. 

The  maximum  measured  wind  speed,  shown  in  Table  3-5,  is  0.3  m/s.  These  results 
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Table  3-6.  Side-by-side  measurement  comparison  of  two  Marple  impactors  (with  a visor) 
and  one  University  of  Washington  (UW)  impactor  in  the  woodworking  industry. 


MM  AD  (pm) 
(Coarse  Mode) 

GSD 

(Coarse  Mode) 

Mass  / Volume 
(Total) 

Mass  / Volume 
for  Da  < ~ 10 
pm 

Marple- 1 

30 

2.3 

2.42 

0.33 

Marple-2 

27 

2.1 

2.02 

0.25 

UW  impactor 

110 

4.2 

2.34 

0.18 
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are  similar  to  what  was  reported  by  Baldwin  and  Maynard.28  They  measured  an  average 
indoor  workplace  wind  speed  of  0.3  m/s  with  about  85%  of  the  measured  values  less  than 
0.3  m/s. 

The  wood-dust  size  distribution  measurements  in  this  study  were  similar  to  those 
found  in  former  studies.  For  example,  Whitehead  et  al.32  used  a Sierra  cascade  impactor 
(Model  No.  : 216,  Andersen  Samplers  Inc.,  Atlanta,  Ga.,  U S.  A.),  having  an  upward 
circular  inlet,  to  measure  wood-dust  size  distributions.  They  found  that  more  than  70%  of 
the  wood-dust  aerosol  (by  mass)  had  aerodynamic  diameters  greater  than  22.5  pm.  The 
inlet  geometry  and  the  measured  wood-dust  size  distributions  using  the  Sierra  impactor 
were  close  to  those  using  the  UW  impactor. 

On  the  other  hand,  Bullock  and  Laird33  used  a Marple  Personal  Cascade  (Marple) 
impactor  (Model  No.  : 298),  having  a plate  (called  a visor)  in  front  of  a forward-facing 
cowl  inlet,  to  measure  wood-dust  size  distributions  in  two  particle-board  mills.  They  found 
that  most  of  the  airborne  wood-dust  (by  mass)  have  their  aerodynamic  diameters  less  than 
20  pm,  which  was  close  to  the  results  found  in  this  study  using  the  same  (Marple) 
impactor. 

Lab  Results  for  Impactor  Inlet  Efficiency  Test 

To  further  investigate  the  large  difference  of  measured  wood-dust  size 
distributions,  wind  tunnel  tests  of  the  Marple  and  the  UW  impactor  inlets  were  conducted 
using  monodisperse  aerosols  with  Da  ranging  from  5 to  68  pm.  The  effect  of  impactor 
inlet  efficiencies  on  the  measured  wood-dust  size  distributions  are  discussed.  In  addition  to 
the  inlet  efficiency  test,  a simultaneous  size  distribution  measurement  using  a Marple 
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impactor,  a UW  impactor  and  a MOUDI  impactor  was  also  conducted.  The  objective  of 
this  test  was  to  compare  the  (inner)  sizing  performances  of  the  impactors.  Small, 
polydisperse  uranine  aerosols  were  used  to  assure  that  all  aerosols  enter  the  inlets  of  the 
tested  impactors. 

The  Marple  impactor,  designed  specifically  for  personal  sampling  by  Rubow  et 
al.34,  has  a net  weight  of  250  grams  and  an  overall  height  of  86  mm.  The  UW  impactor, 
designed  specifically  for  stack  sampling,  has  a net  weight  of  2670  grams  and  a body  height 
of  170  mm  plus  50  mm  inlet  tube.  In  this  study,  both  impactors  were  used  as  area  samplers 
due  to  the  availability. 

The  inlet  efficiency,  or  sum  of  the  first-stage  outlet  efficiency  and  particle  losses 
(on  both  the  cowl  inlet  and  the  first-stage  surfaces),  of  the  Marple  impactor  (with  a visor) 
at  wind  speed  of  0.55  m/s  and  wind  directions  (0)  of  0°,  90°,  and  180°  as  a function  of 
particle  size  is  shown  in  Figs.  3-13a  to  3-13c.  Generally,  the  inlet  efficiency  (solid  line) 
decreases  as  the  particle  aerodynamic  diameter  (Da)  increases.  When  Da  is  less  than  5 pm, 
the  inlet  efficiency  is  near  100%.  When  Da  is  equal  to  68  pm,  the  inlet  efficiency  is  less 
than.  Particle  losses  on  both  the  cowl  inlet  and  the  first-stage  surfaces  were  insignificant. 
The  maximum  measured  loss  is  12%  when  Da  = 21  pm  and  0 = 180°. 

The  inlet  efficiency  of  the  Marple  impactor  (with  a visor)  at  wind  speed  of  1 . 1 m/s 
and  wind  directions  (0)  of  0°,  90°,  and  180°  is  shown  in  Figs.  3-14a  to  3-14c.  Similarly, 
the  inlet  efficiency  (solid  line)  decreases  as  the  particle  aerodynamic  diameter  (Da) 
increases.  When  Da  is  less  than  5 pm,  the  inlet  efficiency  is  near  100%.  For  large  particles 
(Da  greater  than  40  pm),  at  0 = 90°,  the  inlet  efficiency  at  1.1  m/s  wind  speed  is  greater 
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Fig.  3-13.  Inlet  efficiency  and  particle  loss  on  both  the  first  stage  and  the 
cowl  inlet  of  a Marple  Personal  Cascade  impactor  (with  a visor)  at  a wind 
speed  of  0.55  m/s  and  wind  directions  of  (a)  0°  and  (b)  90°. 

Note  : Sum  of  the  first-stage  outlet  efficiency  and  the  loss  on  both 
the  first  stage  and  the  cowl  inlet  are  equal  to  the  inlet  efficiency. 
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Fig.  3-1 3c.  Inlet  efficiency  and  particle  loss  on  both  the  first  stage  and  the 
cowl  inlet  of  a Marple  Personal  Cascade  impactor  (with  a visor)  at  a wind 
speed  of  0.55  m/s  and  a wind  direction  of  180°. 

Note  : Sum  of  the  first-stage  outlet  efficiency  and  the  loss  on  both  the  cowl  inlet 
and  the  first  stage  are  equal  to  the  inlet  efficiency. 


84 


(a)  Wind  Speed  = 1.1  m/s,  Wind  Direction  = 0° 
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(b)  Wind  Speed  = 1.1  m/s,  Wind  Direction  = 90° 

I I : first-stage  outlet  efficiency 

: particle  loss  on  the  first  stage 
: particle  loss  on  the  cowl  inlet 


INLET  EFFICIENCY 


0 


1 1.6  5 10  21  41  68  100 

Particle  Aerodynamic  Diameter,  Da  ^ 


Fig.  3-14.  Inlet  efficiency  and  particle  loss  on  both  the  first  stage  and  the  cow 
inlet  of  a Marple  Personal  Cascade  impactor  (with  a visor)  at  a wind  speed 
of  1.1  m/s  and  wind  directions  of  (a)  0°  and  (b)  90°. 

Note  : Sum  of  the  first-stage  outlet  efficiency  and  the  loss  on  both  the  first  stage 
and  the  cowl  inlet  are  equal  to  the  inlet  efficiency 
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Fig.  3-1 4c.  Inlet  efficiency  and  particle  loss  on  both  the  first  stage  and  the 
cowl  inlet  of  a Marple  Personal  Cascade  impactor  (with  a visor)  at  a wind 
speed  of  1.1  m/s  and  a wind  direction  of  180°. 

Note  : Sum  of  the  first-stage  outlet  efficiency  and  the  loss  on  both  the  first  stage 
and  the  cowl  inlet  are  equal  to  the  inlet  efficiency. 
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than  that  at  0.55  m/s  wind  speed.  This  inlet  efficiency  increase  could  result  from  the  larger 
scale  turbulence  generated  in  the  space  between  the  visor  and  the  inlet  cowl  when  the 
wind  speed  increased. 

Fig.  3-15  shows  the  effect  of  wind  direction  on  the  inlet  efficiency  of  a Marple 
impactor  (with  a visor)  at  wind  speed  of  1 . 1 m/s  and  particle  diameter  of  68  pm.  At  wind 
directions  of  0°,  90°,  and  180°,  the  inlet  efficiency  is  less  than  33%.  But  at  wind  directions 
of  45°  and  135°,  the  inlet  efficiency  greatly  increases  to  more  than  100%.  It  was  found  that 
at  45°  wind  direction,  some  particles  were  able  to  directly  enter  the  cowl  inlet  without 
being  blocked  by  the  visor,  which  resulted  in  the  higher  inlet  efficiency.  At  wind  direction 
of  135°,  the  wind  directly  moved  toward  the  inner  surface  of  the  visor  and  a turbulence 
could  be  generated  at  the  space  between  the  visor  and  the  cowl  inlet,  which  would 
increase  the  inlet  efficiency.  When  the  visor  was  removed,  the  inlet  efficiency  at  135°  wind 
direction  decreased  to  5.5%.  Particle  losses  at  wind  directions  of  45°  and  135°  also  greatly 
increased,  which  was  due  to  the  increase  of  the  inlet  efficiency. 

In  the  Marple  impactor  operational  manual,  a correction  factor  for  each  particle 
diameter  was  applied  to  account  for  the  difference  between  the  effectiveness  and  1 00% 
efficiency.  The  effectiveness  was  defined  as  the  difference  between  the  inlet  efficiency  and 
the  overall  inside  particle  losses.34  For  example,  the  correction  factor  is  1.92  for  the  first 
impaction  stage  ( D50  = 21.3  pm)  and  approximate  1.0  for  the  impactor  stages  with  D50 
less  than  1 pm.  This  correction  factor  was  obtained  when  the  Marple  impactor  was  tested 
in  a calm  air  condition.  Data  from  this  study  (Fig.  3-15)  show  that  the  effectiveness  also 
depends  on  the  wind  direction  and  speed. 
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Fig.  3-15.  Effect  of  wind  direction  on  the  inlet  efficiency  of  a Marple 
Personal  Cascade  impactor  (with  a visor)  at  a wind  speed  of  1 .1  m/s 
and  particle  aerodynamic  diameter  of  68  pm. 

Note  : Sum  of  the  first-stage  outlet  efficiency  and  the  loss  on  both  the  first  stage 
and  the  cowl  inlet  are  equal  to  the  inlet  efficiency. 
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To  further  understand  the  effect  of  the  visor  on  the  particle  inlet  efficiency,  a 
Marple  impactor  without  a visor  was  tested  in  the  wind  tunnel  at  wind  speeds  of  0.55  and 
1.1  m/s  and  the  results  are  shown  in  Figs.  3-16  and  3-17.  At  0°  wind  direction,  for  both 
wind  speeds,  the  inlet  efficiency  increases  from  100%  as  the  particle  diameter  increases. 
While  at  90°  and  180°  wind  directions,  the  inlet  efficiency  decreases  from  100%  as  the 
particle  diameter  increases.  At  wind  speed  of  1. 1 m/s,  for  the  68-pm  particles,  the  inlet 
efficiency  is  750%  at  0°  and  about  15%  at  90°  and  180°.  Particle  losses  (without  a visor) 
on  the  first-stage  surfaces,  at  0°  wind  direction,  increase  as  the  particle  diameter  increases. 
At  90°  and  180°,  the  losses  are  negligible.  Particle  losses  on  the  cowl  inlet  are  insignificant. 

The  inlet  efficiencies  for  the  20-mm  diameter  vertical  tube,  with  a sampling  flow 
rate  of  15  1/min,  are  shown  in  Fig.  3-18a.  At  both  wind  speeds  (Vwind  = 0.55  and  1.1  m/s), 
the  inlet  efficiencies  decrease  from  100%  as  the  particle  diameter  increases.  For  the  same 
particle  diameter,  the  inlet  efficiency  at  wind  speed  of  0.55  m/s  is  greater  than  that  at  wind 
speed  of  1. 1 m/s  as  would  be  expected  from  theory.  The  detailed  results  for  impactor  inlet 
efficiencies  are  shown  in  Appendix  C. 

Inlet  efficiency  at  lower  wind  speed  (~  0.2  m/s)  was  not  measured  because  of  the 
difficulty  in  transporting  and  uniformly  mixing  large  particles  ( Da  > 50  pm)  in  the  wind 
tunnel.  In  an  attempt  to  predict  the  inlet  efficiency  at  lower  wind  speed,  the  inlet  efficiency 
is  plotted  vs.  [(Stk)RJ12  in  Fig.  3-1 8b.  The  Stk  and  the  R values  are  defined  as  : 
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(a)  Wind  Speed  = 0.55  m/s,  Wind  Direction  = 0° 
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(b)  Wind  Speed  = 0.55  m/s,  Wind  Direction  = 90° 

: first-stage  outlet  efficiency 
: particle  loss  on  the  first  stage 
: particle  loss  on  the  cowl  inlet 
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Fig.  3-16.  Inlet  efficiency  and  particle  loss  on  both  the  cowl  inlet  and  the  first 
stage  of  a Marple  Personal  Cascade  impacor  (without  a visor)  at  a wind 
speed  of  0.55  m/s  and  wind  directions  of  (a)  0°  and  (b)  90°. 

Note  : Sum  of  the  first-stage  outlet  efficiency  and  the  loss  on  both  the  cowl  inlet 
and  the  first  stage  are  equal  to  the  inlet  efficiency. 
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(c)  Wind  Speed  = 0.55  m/s,  Wind  Direction  = 180° 
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Fig.  3-1 6c.  Inlet  efficiency  and  particle  loss  on  both  the  first  stage  and  the 
cowl  inlet  of  a Marple  Personal  Cascade  impactor  (without  a visor)  at  a 
wind  speed  of  0.55  m/s  and  a wind  direction  of  180°. 

Note  : Sum  of  the  first-stage  outlet  efficiency  and  the  loss  on  both  the  first  stage 
and  the  cowl  inlet  are  equal  to  the  inlet  efficiency. 
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(a)  Wind  Speed  = 1.1  m/s,  Wind  Direction  = 0° 
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(b)  Wind  Speed  = 1.1  m/s,  Wind  Direction  = 90° 
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Fig.  3-17.  Inlet  efficiency  and  particle  loss  on  both  the  first  stage  and  the  cowl 
inlet  of  a Marple  Personal  Cascade  impactor  (without  a visor)  at  a wind 
speed  of  1 .1  m/s  and  wind  directions  of  (a)  0°  and  (b)  90°. 

Note  : Sum  of  the  first-stage  outlet  efficiency  and  the  loss  on  both  the  first  stage 
and  the  cowl  inlet  are  equal  to  the  inlet  efficiency. 
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(c)  Wind  Speed  = 1.1  m/s,  Wind  Direction  = 180° 
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Fig.  3-1 7c.  Inlet  efficiency  and  particle  loss  on  both  the  first  stage  and  the 
cowl  inlet  of  a Marple  Personal  Cascade  impactor  (without  a visor)  at  a 
wind  speed  of  1.1  m/s  and  a wind  direction  of  180°. 

Note  : Sum  of  the  first-stage  outlet  efficiency  and  the  loss  on  both  the  first  stage 
and  the  cowl  inlet  are  equal  to  the  inlet  efficiency. 
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Fig.  3-1 8.  Inlet  efficiency  of  an  upward  circular  tube. 

(a)  measured  and  calculated  inlet  efficiencies 

(b)  inlet  efficiency  vs.  [(Stk)  R]1/2. 

Tube  inside  diameter  = 20  mm,  outside  diameter  = 27  mm, 
sampling  flow  rate  = 15  l/min. 
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(3-4) 


Where 

Da  = particle  aerodynamic  diameter 
C = Cunningham  correction  factor 
vwind  = wind  speed 
pw  = density  of  water 
rj  = air  viscosity 
V;  = inlet  velocity 

To  predict  the  inlet  efficiency  of  an  upward  circular  tube,  Okazaki  et  al.35  proposed  that 
the  inlet  efficiency  was  related  to  the  product  of  Stk  and  R1 2 Experimental  data  in  this 
study  suggested  that  using  [(Stk)R]1/2  gave  a better  correlation  for  the  inlet  efficiency. 

The  calculated  inlet  sampling  efficiency  of  the  inlet  tube  at  a wind  speed  of  0.2  m/s 
is  shown  in  Fig.  3- 18a  as  the  dotted  line.  In  addition  to  the  Stk  and  the  R value,  the  inlet 
efficiency  may  also  depend  on  the  inlet  diameter  (D;)  and  sampling  flow  rate  (Q;)  The 
effects  of  D;  and  Q;  on  the  inlet  efficiency  were  not  investigated  in  this  study.  Therefore, 
the  regression  line  in  Fig.  3-1 8b  can  only  be  applied  to  an  inlet  geometry  and  sampling 
flow  rate  close  to  those  used  in  this  study.  The  inlet  efficiency  at  calm  air  condition,  based 
on  the  study  of  Agarwal  and  Liu36,  is  shown  in  Fig.  3-18a  as  a solid  line.  For  an  upward 


95 


(vertical)  inlet  tube  , the  inlet  efficiency  for  calm  air  condition  represents  a maximum 
value. 

Measured  wind  speeds  in  the  field  study  were  no  greater  than  0.3  m/s.  At  wind 
speed  of  0.2  m/s,  the  inlet  efficiency  of  the  vertical  inlet  tube  could  be  as  high  as  80%  for 
100-pm  particles.  While  the  inlet  efficiency  of  the  Marple  impactor  (with  a visor)  at  low 
wind  speed,  for  most  wind  directions,  may  be  less  than  10%  for  100-pm  particles. 
Therefore,  for  the  measurements  of  large  wood-dusts,  the  size  distributions  obtained  using 
a vertical  inlet  tube  should  be  more  representative  than  using  the  visor  inlet  of  the  Marple 
impactor. 

Lab  Results  for  Impactor  Sizing  Performance  Test 

As  shown  in  Fig.  3-19,  the  particle  size  distribution  measurements  using  the 
Marple  Personal  Cascade  impactors  (with  and  without  a visor)  agree  very  well  with  those 
using  the  UW  impactor  and  the  MOUDI  impactor  for  the  mass  percentage  less  than  99% 
or  the  particle  aerodynamic  diameters  (Da)  less  than  10  pm.  The  MMD  and  GSD  of  the 
test  uranine  aerosol  were  1.8  pm  and  2.2,  respectively.  These  data  show  that  the  particle 
characterization  of  the  Marple  impactor,  the  UW  impactor,  and  the  MOUDI  impactor  are 
equivalent  in  the  1-10  pm  size  range.  The  large  difference  of  measured  wood-dust  size 
distributions  was  due  to  the  different  inlet  efficiencies  of  the  Marple  impactor  and  the  UW 
impactor.  Experimental  set-up  for  this  test  is  shown  in  Fig.  2-12. 

Comparison  Between  the  Calculated  and  Measured  Inlet  Efficiency 
To  predict  the  inlet  efficiency  of  a thin-walled  probe  at  0°  wind  direction  (0=  0°), 
which  is  similar  to  the  isokinetic  probe  shown  in  Fig.  2-14,  Belyaev  and  Levin  (1974)37 
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® : measured  using  a MOUDI  impactor 

H : measured  using  a University  of  Washington  impactor 

A : measured  using  a Marple  Personal  Cascade  Impactor  (without  a visor) 

♦ : measured  using  the  other  Marple  Personal  Cascade  Impactor  (with  a visor) 

Fig.  3-19.  Comparison  of  particle  size  distribution  measurements 
using  two  Marple  impactors  with  those  using  a MOUDI  impactor  and  a 
University  of  Washington  impactor. 
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developed  an  empirical  equation  : 

A = 1 + (R-l)P(St,  R) 

(3-5) 

P(tt,  R)  - 1-  1 

1 +(2+0.6 17  /R)St 

(3-6) 

R = vwind/vi 

(3-7) 

e,  D a y wind  C Pw 

HMD, 

(3-8) 

where  A : inlet  efficiency 

= wind  velocity 
V;  = inlet  velocity 
D,  = particle  aerodynamic  diameter 
C = Cunningham  correction  factor 
(i  = air  viscosity 
Dj  = inlet  diameter 
pw  = density  of  water 

The  inlet  efficiency  equation  proposed  by  Belyaev  and  Levin  (1974)37  can  only  be  applied 
to  a thin-walled  probe  aerosol  sampler  at  0°  wind  direction.  For  other  types  of  aerosol 
samplers,  this  equation  would  need  to  be  modified. 

To  describe  the  inlet  efficiency  for  most  aerosol  samplers  at  different  wind 
directions,  Vincent  and  his  colleague 8’ 38-40  developed  a series  of  equations  to  be  applied  to 
both  a thin-walled  probe  and  a blunt  sampler.  A blunt  sampler,  unlike  a thin-walled  probe, 
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does  not  have  a sharp  and  thin-walled  inlet.  Most  aerosol  samplers  are  blunt  samplers, 
such  as  an  IOM  and  a 7-hole.  The  equations  developed  by  Vincent  and  his  colleague  are 
shown  below  : 

For  0 < 90°  : 


A = A,  A2 

(3-9) 

A, 

= l+ai[<j)-1/3-l] 

(3-10) 

a2 

= l+a2[(Di/Db<(>1/3)2-l] 

(3-11) 

cc,  = 1 - [1/(1  ~l— 0 . 25  St j)] 

(3-12) 

a2=l-[l/(l+6St2)] 

(3-13) 

4>  = r2  / R 

(3-14) 

St,  - St(r)<J>'1/3 

(3-15) 

St2  = St  <J>1/3 

(3-16) 

r = Dj  / Db 

(3-17) 

where  Db 

: sampler  body  diameter 

For  0 = 90°  : 

A = 1 / [l+4(2.21St)(r  / <J))'/2] 

(3-18) 

For  0 = 180° : 

A = 1 / [1+4(4  5 St)<j>1/3r-°  29] 

(3-19) 

During  the  development  of  the  equation  for  0 < 90°,  Vincent  and  his  colleague38 
incorporated  the  data  obtained  using  aerosol  samplers  of  different  inlet  geometries,  such  as 
a model  human  head,  a thin-walled  probe,  a disc-shaped  probe,  and  a cylindrical  sampler 
with  circular  orifice.  Most  data  points  used  had  inlet  efficiencies  less  than  200%.  For  0 = 
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90°  and  180°,  Vincent  and  his  colleague39  incorporated  the  data  obtained  using  a model 
human  head  and  a thin-walled  probe.  Most  data  points  used  had  inlet  efficiencies  less  than 
100%. 

In  this  study,  the  measured  inlet  efficiencies  of  six  aerosol  samplers  were  used  to 
compare  with  those  calculated  using  the  equations  developed  by  Belyaev  and  Levin  for 
0 = 0°  and  by  Vincent  and  his  colleague  for  0 = 0°,  90°,  and  1 80°.  These  six  aerosol 
samplers  included  four  inhalable  aerosol  samplers  (IOM,  CIS,  7-hole,  and  closed-face  37- 
mm  cassette),  one  Marple  impactor  (without  a visor),  and  a thin-walled  probe.  The  thin- 
walled  probe  had  an  inlet  diameter  of  6.8  mm  and  a sampling  flow  rate  of  2.0  1/min.  The 
measured  inlet  efficiency  of  the  RespiCon,  the  Prototype  Button,  and  the  Marple  impactor 
with  a visor  was  not  used  due  to  their  complex  inlet  geometries. 

Belyaev  and  Levin.  Tables  3-7a  and  3-7b  show  the  calculated  and  measured  inlet 
efficiency  for  the  thin-walled  probe  at  wind  direction,  0 = 0°  and  wind  speed,  V^  = 0.55 
and  1.1  m/s.  The  calculated  and  the  measured  values  agree  very  well  with  the  difference 
less  than  9%.  To  apply  these  equations  to  a blunt  sampler  at  0 = 0°,  the  inlet  diameter,  D;, 
in  Equation  3-8  was  replaced  by  the  sampler  body  diameter,  Db.  The  calculated  and 
measured  inlet  efficiency  for  these  six  aerosol  samplers  are  listed  in  Appendix  D and 
plotted  in  Fig.  3-20. 

As  shown  in  Fig.  3-20,  the  calculated  and  measured  inlet  efficiencies  agree  quite 
well.  The  difference  between  the  best-fitting  regression  line  (middle  dotted  line)  and  the 
one-to-one  ratio  line  (solid  line)  is  less  than  5%.  The  95%  confident  interval  lines  (dotted 
lines)  for  all  data  points  are  in  the  range  of  ± 20%.  The  correlation  coefficient,  R2C0tT,  for 
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Table  3-7a.  Comparison  between  the  measured  inlet  efficiency  and  the  calculated  one 
using  the  equations  developed  by  Belyaev  and  Levin  (1974)  for  a thin- walled  probe 
( Dj  = 6.8  mm,  Q;  = 2.0  1/min). 


— no 


Da  (pm) 

68 

41 

21 

10 

5 

1.6 

Calculated 

value 

69% 

78% 

90% 

97% 

99% 

100% 

Measured 

value 

67% 

78% 

99% 

97% 

101% 

100% 

Table  3-7b.  Comparison  between  the  measured  inlet  efficiency  and  the  calculated  one 
using  the  equations  developed  by  Belyaev  and  Levin  (1974)  for  a thin-walled  probe 
( Dj  = 6.8  mm,  Q;  = 2.0  1/min). 

Wind  speed,  Vw  = 1. 1 m/s , wind  direction,  0 = 0°. 


Da  (pm) 

68 

41 

21 

10 

5 

1.6 

Calculated 

value 

117% 

114% 

107% 

102% 

101% 

100% 

Experime 
ntal  value 

108% 

105% 

105% 

102% 

101% 

100% 

101 


Wind  Direction  = 0° 


Fig.  3-20.  Inlet  efficiency  comparison  between  the  experimental  value  and 
calculated  value  using  the  equations  developed  by  Belyaev  and 
and  Levin  (1974)  at  0°  wind  direction. 

Solid  line  : one-to-one  ratio  line. 

Dotted  lines  : regression  and  95%  confidence  interval  lines. 
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the  regression  line  is  equal  to  0.98,  which  indicates  that  the  line  accounts  for  98%  of  the 
data  variation  and  a strong  linear  correlation  for  the  data  points.  Data  was  not  obtained  at 
low  ( < 60%)  efficiency  values  for  0 = 0°.  For  the  7-hole  sampler,  an  effective  inlet 
diameter  of  13  mm  was  chosen  to  represent  the  seven  4-mm  orifices  located  on  an 
indented  circular  surface  with  a diameter  of  21.5  mm.  The  effective  inlet  area  for  this  13- 
mm  inlet  is  slightly  greater  than  the  total  area  of  those  seven  4-mm  orifices  to  account  for 
the  inlet  efficiency  increase  due  to  the  particle  bounce-off  and  reentrainment  occurring  on 
the  indented  circular  surfaces.  For  the  Marple  impactor  (without  a visor)  shown  in  Fig.  2- 
3b,  a sampler  body  diameter  of  45  mm  was  chosen,  which  is  greater  than  the  cowl 
diameter  of  32  mm,  to  account  for  the  effect  of  the  impactor  body  on  the  inlet  efficiency. 
Vincent  and  his  Colleague.  The  comparison  between  the  measured  and  calculated  inlet 
efficiency,  using  the  equations  developed  by  Vincent  and  his  colleague,  at  wind  directions 
of0°,  90°,  and  180°  and  wind  speeds  ofO.55  and  1.1  m/s  is  listed  in  AppendixDand 
plotted  in  Figs.  3-21  to  3-23.  Fig.  3-21  shows  that  at  0 = 0°,  the  calculated  inlet  efficiency 
is  less  than  the  measured  value.  As  the  inlet  efficiency  increases  above  100%,  the 
difference  between  the  calculated  and  the  measured  value  increases.  The  underestimation 
by  these  equations  could  result  from  the  large  ratio  value  between  the  inlet  diameter  (DJ 
and  the  sampler  body  diameter  (Db)  used  in  this  study.  In  developing  the  equations  for  the 
inlet  efficiency,  Vincent  and  his  colleague  used  the  samplers  with  the  inlet  diameter  much 
less  than  the  sampler  body  diameter.  The  R2corr  value  for  the  regression  line  is  0.96. 

Fig.  3-22  shows  the  comparison  between  the  measured  and  calculated  inlet 
efficiency  using  the  equations  developed  by  Vincent  and  his  colleague  for  0 = 90°.  The 
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Fig.  3-21 . Inlet  efficiency  comparison  between  the  experimental  value  and 
calculated  value  using  the  equations  developed  by  Vincent  (1995)  at  0° 
wind  direction.  Solid  line  : one-to-one  ratio  line. 

Dotted  lines  : regression  and  95%  confidence  interval  lines. 
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Wind  Direction  = 90° 


Calculated  Value  (Vincent,  1995) 


Fig.  3-22.  Inlet  efficiency  comparison  between  the  experimental  value  and 
calculated  value  using  the  equations  developed  by  Vincent  (1995) 
at  90°  wind  direction.  Solid  line  : one-to-one  ratio  line. 

Dotted  lines  : regression  and  95%  confidence  interval  lines. 
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Wind  Direction  = 180° 


Calculated  Value  (Vincent,  1995) 


Fig.  3-23.  Inlet  efficiency  comparison  between  the  experimental  value  and 
calculated  value  using  the  equations  developed  by  Vincent  (1995) 
at  1 80°  wind  direction.  Solid  line  : one-to-one  ratio  line. 

Dotted  lines  : regression  and  95%  confidence  interval  lines. 
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calculated  and  measured  inlet  efficiencies  agree  fairly  well.  The  difference  between  the 
best-fitting  regression  line  and  the  one-to-one  ratio  line  is  less  than  5%.  The  R2corr  value  for 
the  regression  line  is  0.96.  The  95%  confidence  interval  lines  for  all  data  points  are  in  the 
range  of  ± 15%.  At  inlet  efficiency  less  than  20%,  this  15%  variation  becomes  very 
significant. 

Fig.  3-23  shows  the  comparison  between  the  measured  and  calculated  inlet 
efficiencies  using  the  equations  developed  by  Vincent  and  his  colleague  for  0 = 1 80°.  The 
calculated  and  measured  inlet  efficiencies  agree  fairly  well  except  at  low  efficiency  values. 
The  difference  between  the  best-fitting  regression  line  and  the  one-to-one  ratio  line  is  less 
than  5%.  The  R2C0IT  value  for  the  regression  line  is  0.95.  The  95%  confidence  interval  lines 
for  all  data  points  are  in  the  range  of  ± 20%. 


CHAPTER  4 
CONCLUSIONS 


In  this  study,  six  inhalable  aerosol  samplers  were  tested  (as  area  samplers)  using 
monodisperse  solid  particles  at  two  wind  speeds  and  their  sampling  performances 
compared  with  the  inhalable  convention.  The  RespiCon  sampler  provided  a reasonable 
match  of  the  inhalable  convention  ( if  the  manufacture  correction  factor  of  1 .5  is  not 
used).  However,  particle  losses  inside  the  RespiCon  sampler  should  be  closely  monitored 
(and  the  unit  cleaned)  to  prevent  plugging  of  the  first  receiving  tube. 

The  area  sampling  performance  of  the  IOM,  7-hole,  CIS,  closed-face  37-mm 
cassette,  and  the  Prototype  Button  sampler  are  all  highly  dependent  on  wind  orientation, 
wind  speed,  and  particle  size.  When  comparing  the  measured  sampling  efficiency  with  the 
inhalable  convention,  the  IOM,  7-hole,  and  Prototype  Button  sampler  over-sampled  large 
particles  (Da  greater  than  20  pm)  when  the  wind  direction  was  about  0°  and  under- 
sampled large  particles  when  the  wind  direction  was  90°  or  greater.  The  difference 
between  the  inhalable  convention  and  the  sampler  efficiency  increased  as  the  particle 
diameter  increased  for  all  tested  wind  conditions.  The  closed-face  37-mm  cassette  and  the 
CIS  sampler  under-sampled  large  particles  in  all  three  wind  directions  ( 0°,  90° , 180°). 
Because  the  wind  condition  in  the  indoor  working  environment  varies,  if  any  of  the 
inhalable  aerosol  samplers  (except  the  RespiCon)  is  used  as  area  samplers,  the  sampling 
performances  will  not  normally  provide  a good  match  to  the  inhalable  convention. 
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The  six  inhalable  aerosol  samplers  tested  can  provide  a reasonable  measurement  of 
aerosol  concentration  only  if  all  the  aerosol  is  less  than  ~ 20  pm  aerodynamic  diameter. 
The  measured  sampling  performances  of  the  closed-face  37-mm  cassette,  CIS,  and  7-hole 
sampler,  whether  used  as  area  or  personal  samplers,  also  depend  on  the  stickiness  of  the 
sampled  particles  because  internal  losses  are  highly  variable  for  the  larger  (20  to  ~ 100 
pm)  particles.  For  fine  particle  sampling  (Da  < 5 pm),  aerosol  type  and  wind  orientation 
are  relatively  unimportant,  for  the  normal  workplace  wind  speeds,  and  all  six  samplers 
should  perform  adequately  and  equally  (±10%). 

Particle  measurements  from  the  woodworking  industry  indicate  a bimodal  particle 
size  distribution  with  most  of  the  wood-dust  (by  mass)  in  the  1 to  1 000  pm  size  range. 
Measured  wood-dust  size  distributions  were  highly  variable  with  MMAD  ranging  from  ~ 6 
pm  to  ~ 250  pm  and  GSD  from  ~ 2.6  to  ~ 6.3. 

At  low  indoor  wind  speeds  (V^  <0.3  m/s),  the  vertical  sampling  tube  used  with 
the  University  of  Washington  impactor,  has  an  inlet  efficiency  near  100%  for  particles  with 
Da  less  than  10  pm.  According  to  the  equation  developed  in  this  study  and  the  calculation 
of  Agarwal  and  Liu36,  the  inlet  efficiency  of  a vertical  tube  could  be  as  high  as  80%  for 
particles  with  Da  of  100  pm  at  wind  speed  less  than  0.3  m/s.  The  vertical  sampling  tube  is 
not  significantly  different  from  that  used  on  many  standard  free-standing  impactors,  such 
as  the  MOUDI  (MSP  Corp.,  Minneapolis,  MN,  U S A.)  or  the  Andersen  (Andersen 
Samplers  Inc.,  Atlanta,  GA,  U S A.)  impactors.  These  data  show  that  the  sampler  inlet 
bias  can  greatly  distort  size  distribution  measurements  for  particle  size  larger  than  ~ 20  pm 
when  air  velocities  are  greater  than  ~0.5  m/s.  This  bias  or  error  could  be  calculated  or 
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estimated  for  the  vertical  sampling  tube  from  detailed  knowledge  of  the  minute-by-minute 
air  velocity  and  direction  data  (with  respective  to  the  sampler  inlet).  An  impactor  inlet 
sampling  criteria  needs  to  be  developed  to  minimize  size  distribution  measurement  error 
for  dust  measurement  in  the  work  environment. 

The  Marple  Personal  Cascade  (Marple)  impactor  fitted  with  the  standard  visor 
inlet,  in  most  wind  orientations,  significantly  undersamples  particles  with  aerodynamic 
diameters  greater  than  20  pm.  When  the  Marple  impactor  is  used  without  the  visor,  the 
inlet  efficiency  highly  depends  on  wind  speed,  wind  direction,  and  particle  diameters,  and 
under  some  conditions  may  significantly  over-sample  large  particles.  An  impactor  can  not 
provide  a true  aerosol  size  distribution  if  the  aerosol  entering  the  impaction  stage  is  not 
representative  of  the  workplace  aerosol. 

The  comparison  between  the  measured  and  the  calculated  inlet  efficiency  shows 
that  at  0°  wind  direction,  the  calculated  inlet  efficiency  using  the  equations  developed  by 
Belyaev  and  Levin  (1974)37  agrees  quite  well  with  the  experimental  value  for  both  the 
thin-walled  probe  and  the  blunt  samplers.  For  blunt  samplers,  the  sampler  body  diameter 
was  used  to  replace  the  inlet  diameter  for  the  calculation  of  the  Stokes  number.  For  multi- 
inlet sampler,  such  as  a 7-hole  sampler,  an  effective  inlet  diameter  was  used.  For  the 
Marple  impactor  (without  a visor),  an  effective  sampler  body  diameter  was  used. 

At  0°  wind  direction,  the  equations  developed  by  Vincent  and  his  colleague 
underestimate  the  inlet  efficiency  when  the  inlet  diameter  is  close  to  the  sampler  body 
diameter.  However,  at  90°  and  180°  wind  directions,  the  calculated  inlet  efficiency  matches 
the  experimental  value  fairly  well  except  at  low  efficiency  values. 


APPENDIX  A 

LABORATORY  RESULTS  OF  SIX  INHALABLE  AEROSOL  SAMPLERS 
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Table  Al-1.  Measured  efficiency  and  inside  loss  of  a RespiCon  sampler. 
Wind  speed,  V+*  = 0.55  m/s,  sampling  flow  rate  = 3,05  1/min, 


Respirable,  % 

Thoracic,  % 

Inhalable,  % 

Da  = 68  pm 

Measured  efficiency,  % 

1.6, 0.1 
Avg.=0.8% 

2.6, 3.5 
Avg.=3% 

49.6,  55.7 
Avg. =52.7% 

Loss  location 

Inlet  Head 

First  Nozzle 

Second  Nozzle 

Inside  loss,  % 

3.5,08 

Avg.=2.1% 

1.1, 0.0 
Avg.=0.5% 

0,0 

Avg  =0% 

Da  = 41  pm 

Measured  efficiency,  % 

0.1, 0.0 
Avg.=0.0% 

0.1,  0.2 
Avg.=0.1% 

50.7,51.9 
Avg.=5 1 .3% 

Loss  location 

Inlet  Head 

First  Nozzle 

Second  Nozzle 

Inside  loss,  % 

2.3,  1.4 
Avg.=1.9% 

0,0 

Avg.=0% 

1.1, 0.7 
Avg.=0.9% 

Da  = 2 1 pm 

Respirable,  % 

Thoracic,  % 

Inhalable,  % 

Measured  efficiency,  % 

0.0,  0.0 
Avg.=0.0% 

0.1, 0.6 
Avg.=0.3% 

58.8,  64.0 
Avg.=61.4% 

Loss  location 

Inlet  Head 

First  Nozzle 

Second  Nozzle 

Inside  loss,  % 

0.9,  1.4 
Avg.=l.l% 

0.0, 0.0 
Avg.=0.0% 

0.0,  0.0 
Avg.=0.0% 

Da  = 10  pm 

Respirable,  % 

Thoracic,  % 

Inhalable,  % 

Measured  efficiency,  % 

0.0, 0.7, 0.4 
Avg.=0.3% 

35.5,43,47.5 

Avg.=42% 

82.9,  83.5,  88.7 
Avg.=85% 

Loss  location 

Inlet  Head 

First  Nozzle 

Second  Nozzle 

Inside  loss,  % 

1.0, 1.0, 1.0 
Avg.=1.0% 

0.9, 1.5, 2.1 
Avg.=1.5% 

0.4, 0.6, 0.7 
Avg.=0.6% 

Da  - 5 pm 

Respirable,  % 

Thoracic,  % 

Inhalable,  % 

Measured  efficiency,  % 

32.3,34.5 
Avg.  =33.4% 

69.7,70.3 

Avg.=70% 

78.6,  80.5 
Avg.=79.6% 

Loss  location 

Inlet  Head 

First  Nozzle 

Second  Nozzle 

Inside  loss,  % 

1.3,  0.9 
Avg.=l.l% 

17.1,  16 
Avg.=16.5% 

0.4, 0.4 
Avg.=0.4% 

Respirable,  % 

Thoracic,  % 

Inhalable,  % 

Da  = 1.6  pm 

Measured  efficiency,  % 

86.1,77 

Avg.=81.6% 

93.7,  87 
Avg. =90.4% 

95.6,88.5 

Avg.=92.1% 

Loss  location 

Inlet  Head 

First  Nozzle 

Second  Nozzle 

Inside  loss,  % 

0.1,0 
Avg.=  0% 

3.6,4 

Avg.=3.8% 

0,0.1 

Avg.=0% 
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Table  Al-2.  Measured  efficiency  and  inside  loss  of  a RespiCon  sampler. 
Wind  speed,  m/s,  sampling  flow  rate  = 3,05  1/min. 


Respirable,  % 

Thoracic,  % 

Inhalable,  % 

Da  = 68  pm 

Measured  efficiency,  % 

0.7, 0.4, 0.1 
Avg.=0.4% 

5.4,74,2.1 
Avg. =5.0% 

80.6,75.5,71.7 

Avg.=76% 

Loss  location 

Inlet  Head 

First  Nozzle 

Second  Nozzle 

Inside  loss,  % 

1.1,  1.0,08 
Avg.=1.0% 

0.1, 0.1, 0.2 
Avg.=0.1% 

0.2, 0.2, 0.2 
Avg  =0.2% 

Da  = 41  pm 

Measured  efficiency,  % 

0.2, 0.1 
Avg.=0.1% 

1.3,  1.0 

Avg. =1.1% 

59.4,65.1 

Avg.=62.2% 

Loss  location 

Inlet  Head 

First  Nozzle 

Second  Nozzle 

Inside  loss,  % 

4.9,  7.7 
Avg. =6.3% 

0,0 

Avg.=0% 

2.5, 3.1 
Avg  .=  2.8% 

Da  = 21  pm 

Respirable,  % 

Thoracic,  % 

Inhalable,  % 

Measured  efficiency,  % 

0.2,  0.1 
Avg.=0.1% 

84,3.7 

Avg.=6.1% 

54.6,  55.8 
Avg. =55. 2% 

Loss  location 

Inlet  Head 

First  Nozzle 

Second  Nozzle 

Inside  loss,  % 

2.6, 2.8 
Avg.=2.7% 

0.3,0 

Avg  =0.1% 

2.7,34 

Avg.=3.0% 

Da  = 10  pm 

Respirable,  % 

Thoracic,  % 

Inhalable,  % 

Measured  efficiency,  % 

0,0 

Avg.=0% 

38.3,39.3 
Avg.=  38.8% 

74.9,75.4 

Avg.=75.1% 

Loss  location 

Inlet  Head 

First  Nozzle 

Second  Nozzle 

Inside  loss,  % 

2.2, 2.0 
Avg.=  2.1% 

0.7, 1.1 
Avg.=0.9% 

0.5,  0.8 
Avg.=0.6% 

Da  ~ 5 pm 

Respirable,  % 

Thoracic,  % 

Inhalable,  % 

Measured  efficiency,  % 

31.3,35.4 
Avg.  =33.3% 

65.2,68.6 

Avg.=66.9% 

76.2,  77 
Avg.=76.6% 

Loss  location 

Inlet  Head 

First  Nozzle 

Second  Nozzle 

Inside  loss,  % 

1.9, 2.2 
Avg.=2% 

22.1, 184 
Avg.=20.3% 

0.3,  0.3 
Avg.=0.3% 

Da  = 1.6  pm 

Respirable,  % 

Thoracic,  % 

Inhalable,  % 

Measured  efficiency,  % 

80.6,  88.8 
Avg.=84.7% 

90.5,99.2 

Avg.=94.8% 

92.1, 100 
Avg.=96% 

Loss  location 

Inlet  Head 

First  Nozzle 

Second  Nozzle 

Inside  loss,  % 

0.3, 0.3 
Avg.=0.3% 

44,3.7 

Avg.=4.0% 

0,0 

Avg.=0% 
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Table  A2-1.  Measured  efficiency  of  an  IOM  sampler  at  three  wind  orientations  and  six 
particle  diameters.  Wind  speed,  = 0.55  m/s,  sampling  flow  rate  = 2.0  1/min 


Wind  direction,© 

0° 

90°  (forward) 

O 

O 

oo 

Da  = 68  pm 

Measured  efficiency,  % 

156,226,  158 
Avg.=180% 

3.0, 3.2 
Avg.=3.1% 

3.2, 4.0 
Avg.=3.6% 

Da  = 41  pm 

Measured  efficiency,  % 

120.9,  136.9 
Avg.=128.9% 

15.4,  18.6 
Avg.=17.0% 

29.8, 17.4 
Avg.=23.6% 

Da  = 2 1 pm 

Measured  efficiency,  % 

113, 109 
Avg.=lll% 

40.7, 28.4 
Avg.=34.5% 

52.8,56.3 

Avg.=54.6% 

Da  = 10  pm 

Measured  efficiency,  % 

103,99.6 
Avg. =101.3% 

85.8,70.8 

Avg.=78% 

91.2,  97,  83.4 
Avg.=90.5% 

Da  = 5 pm 

Measured  efficiency,  % 

93,  96,  96, 
Avg.=95% 

91,94,91 

Avg.=92% 

99,95, 102 
Avg.=99% 

Da  = 1.6  pm 

Measured  efficiency,  % 

99,  100 
Avg.=99.5% 

— 

— 

Table  A2-2.  Measured  efficiency  of  an  IOM  sampler  at  three  wind  orientations  and  six 
particle  diameters.  Wind  speed \ =1.1  m/sec , sampling  flow  rate  = 2.0  1/min. 


Wind  direction,© 

0° 

90°  (forward) 

180° 

Da  = 68  pm 

Measured  efficiency,  % 

352,322,352 

Avg.=342% 

0.7, 4.3 
Avg.=2.5% 

9.9, 10.8 
Avg.=10.4% 

Da  = 41  pm 

Measured  efficiency,  % 

239,234,225 
Avg.=  233% 

8.5, 4.0 
Avg.=  6% 

10.4,11.5 
Avg.=  11% 

Da  = 21  pm 

Measured  efficiency,  % 

133, 142 
Avg.=137% 

10,  15 

Avg.=12.5% 

46.5,50.9 

Avg.=48.7 

Da  = 10  pm 

Measured  efficiency,  % 

102, 105 
Avg. =103. 5% 

50,73,56, 76 
Avg.=63.7% 

93.7, 95 
Avg.=94.3% 

Da  = 5 pm 

Measured  efficiency,  % 

103,  101,99.5, 
102,  104,96 
Avg.=10 1% 

96,  87,88. 
Avg. =90% 

93, 101,90,  88. 
Avg.=93% 

Da=  1.6  pm 

Measured  efficiency,  % 

99,  104 
Avg  =101.6% 

-- 

— 
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Table  A3-1.  Measured  efficiency  and  inside  loss  of  a 7-hole  sampler  at  three  wind 
orientations  and  six  particle  diameters. 

Wind  speed,  V^.j  = 0.55  m/s,  sampling  flow  rate  = 2.0  1/min. 


Wind  direction,  0 

0° 

90°  (forward) 

00 

o 

o 

Da  = 68  pm 

Measured  efficiency,  % 

60.8,66.1,61.3 

Avg.=62.7% 

2.3, 3.7 
Avg.=3.0% 

4.5,  5.6 
Avg.=5.0% 

Inside  loss,  % 

91,32.2,49 

Avg.=57% 

1.9,  1.3 
Avg.=1.4% 

0.2, 0.0 
Avg.=0.1% 

Total  efficiency,  % 

Avg  =119.7% 

Avg.=4.4% 

Avg.=5.1% 

Da  = 41  pm 

Measured  efficiency,  % 

105.3,82 
Avg. =93. 6% 

6.9,  5.4 
Avg.=6.1% 

21.3, 13 
Avg.=17.1% 

Inside  loss,  % 

3.8,  11.5 
Avg.=7.6% 

0.1, 0.0 
Avg.=0.0% 

0.6, 2.2 
Avg.=1.4% 

Total  efficiency,  % 

Avg.=101.3% 

Avg  =6.1% 

Avg  =18.5% 

Da  = 21  pm 

Measured  efficiency,  % 

99.7,98.8 

Avg.=99.3% 

15,28.8,  18.2 
Avg.=20.7% 

48.4, 49.4 
Avg.=48.9% 

Inside  loss,  % 

0.4, 0.6 
Avg. =0.5% 

— , 0.2, 0.4 
Avg.=0.3% 

0.2, 0.4 
Avg.=0.3% 

Total  efficiency,  % 

Avg.=99.8% 

Avg.=21% 

Avg.=49.2% 

Da  = 10  pm 

Measured  efficiency,  % 

99, 100.2 
Avg.=99.6% 

71.4,72.1 

Avg.=71.7% 

86.7,  92.6 
Avg.=89.6% 

Inside  loss,  % 

0.4,  0.8 
Avg.=0.6% 

0.8,  0.8 
Avg.=0.8% 

0.4, 0.4 
Avg.=0.4% 

Total  efficiency,  % 

Avg. =101.2% 

Avg.=72.5% 

Avg.  =90% 

Da  = 5 pm 

Measured  efficiency,  % 

99,99,  101 
Avg.=99.7% 

90.5,  92,  96 
Avg.=92.8% 

103, 106,98 
Avg.=102% 

Inside  loss,  % 

~0 

-0 

~0 

Total  efficiency,  % 

Avg  =99.7% 

Avg.=92.8% 

Avg. =102% 

Da  = 1.6  pm 

Measured  efficiency,  % 

104,  99 
Avg.=101.5% 

— 

... 

Inside  loss,  % 

0,0.2 

Avg.=0.1% 

— 

— 

Total  efficiency,  % 

Avg. =10 1.6% 

— 

... 

115 


Table  A3-2.  Measured  efficiency  and  inside  loss  of  a 7-hole  sampler  at  three  wind 
orientations  and  six  particle  diameters. 

Wind  speed,  V^nif  =1.1  m/s,  sampling  flow  rate  = 2,0  1/min. 


Wind  direction,  0 

0° 

90°  (forward) 

O 

O 

OO 

Da  = 68  pm 

Measured  efficiency,  % 

156,246,237, 
159,  197,201 
Avg.=199% 

2.6,  0.1 
Avg  =1.3% 

0.4,  0.0 
Avg  =0.2% 

Inside  loss,  % 

105,99,  100,78, 

59,79 

Avg.=87% 

0,  0 

Avg.=0% 

0,0 

Avg  =0% 

Total  efficiency,  % 

Avg.=286% 

Avg.=1.3% 

Avg.=0.2% 

Da  = 41  pm 

Measured  efficiency,  % 

183,  164,  165 
Avg.=  171% 

2.2, 2.6 
Avg.=  2.4% 

7.3,  8.4 
Avg.=  7.8% 

Inside  loss,  % 

16% 

1% 

1.2% 

Total  efficiency,  % 

Avg.=187% 

Avg  =3.4% 

Avg  =9.0% 

Da  = 21  pm 

Measured  efficiency,  % 

129, 132 
Avg.=130% 

8.8,  15 
Avg.=12% 

48.3,44 
Avg  =46.1% 

Inside  loss,  % 

2.5, 4.2 
Avg.=3.4% 

0.4,  0.6 
Avg.=0.5% 

1, 1.6 

Avg.=1.3% 

Total  efficiency,  % 

Avg.=133.4% 

Avg.=12.5% 

Avg.=47.4% 

Da  = 10  pm 

Measured  efficiency,  % 

103,  105.6 
Avg. = 104.3% 

53.3,60.4 

Avg.=56.8% 

84,  85.3 
Avg.=84.6% 

Inside  loss,  % 

~0 

~0 

~0 

Total  efficiency,  % 

Avg.=  104.3% 

Avg.=  56.8% 

Avg.=84.6% 

Da  = 5 pm 

Measured  efficiency,  % 

103,  104,96, 
102,  101. 
Avg  =101% 

83,80,94. 
Avg.=  86% 

102, 103, 102. 
Avg.=102% 

Inside  loss,  % 

~0% 

~0% 

~0% 

Total  efficiency,  % 

Avg.=101% 

Avg.=  86% 

Avg.=102% 

Da  = 1.6  pm 

Measured  efficiency,  % 

100,  101 
Avg. =100. 5% 

— 

... 

Inside  loss,  % 

0.1, 0.1 
Avg. =0.1% 

-- 

... 

Total  efficiency,  % 

Avg.=100.6% 

— 

... 
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Table  A4-1.  Measured  efficiency  and  inside  loss  of  a closed-face  37-mm  cassette  at  three 
wind  orientations  and  six  particle  diameters. 

Wind  speed,  = 0.55  m/s,  sampling  flow  rate  = 2,0  1/inin. 


Wind  direction,  0 

0° 

90°  (forward) 

00 

o 

o 

Da  = 68  pm 

Measured  efficiency,  % 

26.2,4.3 

Avg.=15.3% 

0.1,  7.0 
Avg.=3.5% 

3.0,  5.7 
Avg. =4.3% 

Inside  loss,  % 

33.7,  56.9 
Avg.=45.3% 

0.1, 0.4 
Avg. =0.2% 

0.1, 0.0 
Avg.=0% 

Total  efficiency,  % 

Avg.=60.6% 

Avg. =3. 7% 

Avg.=4.3% 

Da  = 41  pm 

Measured  efficiency,  % 

34.9, 44.1 
Avg.=39.5% 

1.9, 4.2 
Avg.=3.0% 

7.5, 9.6 
Avg.=8.5% 

Inside  loss,  % 

64.6,43.8 

Avg.=54.2% 

1.6, 3.1 
Avg. =2. 3% 

8.3, 11.6 
Avg.=10.0% 

Total  efficiency,  % 

Avg.=93.7% 

Avg.=5.3% 

Avg.=18.5% 

Da  = 21  pm 

Measured  efficiency,  % 

69.7,  88.8 
Avg.=79.2% 

19.8,21.6 
Avg  =20.7% 

38.5,33.0 
Avg  =35.7% 

Inside  loss,  % 

20.5,3.5 

Avg.=12% 

3.3,  8.0 
Avg.=5.6% 

5.7,  5.7 
Avg.=5.7% 

Total  efficiency,  % 

Avg.=91.2% 

Avg.=26.3% 

Avg.=41.4% 

Da  = 10  pm 

Measured  efficiency,  % 

97,99.7 

Avg.=98.3% 

77.4,  84 
Avg.=80.4% 

76,  88.1 
Avg. =82% 

Inside  loss,  % 

0.5,  0.0 
Avg.=0.2% 

1.5, 0.0 
Avg  =0.7% 

0.0,0.3 

Avg.=0.1% 

Total  efficiency,  % 

Avg.=98.5% 

Avg.=  81.4% 

Avg.=82.1% 

Da  = 5 pm 

Measured  efficiency,  % 

96,97,98 

Avg.=97% 

97,94,85,93 

Avg.=92% 

87,  84, 92 
Avg. =88% 

Inside  loss,  % 

~0 

~0 

~0 

Total  efficiency,  % 

Avg.=97% 

Avg.=92% 

Avg.=88% 

Da  = 1.6  pm 

Measured  efficiency,  % 

100,99 

Avg.=99.5% 

— 

— 

Inside  loss,  % 

1.8,  1.0 
Avg.=1.4% 

— 

— 

Total  efficiency,  % 

Avg. =100.9% 

— 

... 
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Table  A4-2.  Measured  efficiency  and  inside  loss  of  a closed-face  37-mm  cassette  at  three 
wind  orientations  and  six  particle  diameters. 

Wind  speed,  m/s,  sampling  flow  rate  = 2,0  1/min. 


Wind  direction,  0 

0° 

90°  (forward) 

O 

O 

00 

Da  = 68  pm 

Measured  efficiency,  % 

17.1,20.3 

Avg.=18.7% 

0.5, 2.5 
Avg.=  1.5% 

2.1,  1.0 
Avg.=1.5% 

Inside  loss,  % 

62.5,  101 
Avg.=81.7% 

0.9, 0.6 
Avg.=0.7% 

5.0,  6.7 
Avg.=5.8% 

Total  efficiency,  % 

Avg.=100% 

Avg.=2.2% 

Avg.=7.3% 

Da  = 41  pm 

Measured  efficiency,  % 

28,35,39 
Avg.=  34% 

3.2, 0.6,  1.0 
Avg.=  1.6% 

2.7, 1.7 
Avg.=  2.2% 

Inside  loss,  % 

91,85,85 
Avg.=  87% 

1 9,0.1, 0.5 
Avg.=  0.8% 

2.5, 2.7 
Avg.=  2.6% 

Total  efficiency,  % 

Avg.=  121% 

Avg.=2.4% 

Avg.=4.8% 

Da  = 21  pm 

Measured  efficiency,  % 

89,91,87 

Avg.=89% 

15,  11,  11.8 
Avg.=12.6% 

26, 26.9 
Avg.=26.4% 

Inside  loss,  % 

6. 1,7.5,  10.7 
Avg.=8.1% 

1.4,  1.6,  1.5 
Avg.=  1.5% 

2.3,  3.3 
Avg.=2.8% 

Total  efficiency,  % 

Avg.=97.1% 

Avg.=14.1% 

Avg.=29.2% 

Da  = 10  pm 

Measured  efficiency,  % 

92,91 

Avg.=91.5% 

62,64 

Avg.=63% 

83,  82 

Avg.=82.5% 

Inside  loss,  % 

0.0, 0.6 
Avg.=0.3% 

0.8, 1.5 
Avg.=1.2% 

1.2, 0.2 
Avg.=0.7% 

Total  efficiency,  % 

Avg.=91.8% 

Avg.=64.2% 

Avg.=83.2% 

Da  = 5 pm 

Measured  efficiency,  % 

95,  105 
Avg.=100% 

87,75 

Avg.=81% 

87,83 

Avg.=85% 

Inside  loss,  % 

0.9,  1.1 
Avg.=l% 

3.1, 3.5 
Avg.=3.3% 

0.5,0 

Avg.=  0.2% 

Total  efficiency,  % 

Avg.=101% 

Avg.=84.3% 

Avg.=85.2% 

Da  = 1.6  pm 

Measured  efficiency,  % 

95,96 

Avg.=95.5% 

95,  93.2 
Avg.=94.1% 

90.3,93.5 

Avg.=91.9% 

Inside  loss,  % 

1.5, 1.8 
Avg.=1.6% 

0.4, 0.4 
Avg.=0.4% 

0.5, 0.5 
Avg.=0.5% 

Total  efficiency,  % 

Avg.=97.1% 

Avg.=94.5% 

Avg.=92.4% 
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Table  A5-1.  Measured  efficiency  and  inside  loss  of  a CIS  sampler  at  three  wind 
orientations  and  six  particle  diameters. 

, = 0.55  m/s , sampling  flow  rate  = 3.5  1/min. 


Wind  direction,  0 

0° 

90°  (forward) 

O 

O 

00 

Da  = 68  pm 

Measured  efficiency,  % 

16,  14.1 
Avg.=15% 

67,2.9 

Avg.=4.8% 

7.5,63 

Avg.=6.9% 

Inside  loss,  % 

50,65 

Avg.=58% 

1.5,  0.5 
Avg.=1.0% 

2.1, 2.0 
Avg.=2.0% 

Total  efficiency,  % 

Avg.  =73% 

Avg.=5.8% 

Avg.=8.9% 

Da  = 41  pm 

Measured  efficiency,  % 

49.3,51.7 

Avg.=50.5% 

5. 1,2.9 
Avg.=4% 

11.4,8.1 

Avg.=9.7% 

Inside  loss,  % 

23.4,23.9 

Avg.=23.6% 

6.5,93 

Avg.=7.9% 

5.5,83 

Avg.=6.9% 

Total  efficiency,  % 

Avg.=74.1% 

Avg.=l  1.9% 

Avg.=16.6% 

Da  = 21  pm 

Measured  efficiency,  % 

89,  87,  88.4 
Avg.=88.1% 

43.5,44.6 

Avg.=44% 

41.4,41.9 

Avg.=41.6% 

Inside  loss,  % 

09,2.1,0.6 
Avg.=  1.2% 

13.5,  13.3 
Avg.=13.4% 

6.6, 6.1 
Avg.=6.3% 

Total  efficiency,  % 

Avg.=89.3% 

Avg.  = 57.4% 

Avg. =47.9% 

Da  = 10  pm 

Measured  efficiency,  % 

92.8,  94.5 
Avg.=93.6% 

75.4, 75.3 
Avg.=75.3% 

80.3,  80.9 
Avg. =80.6% 

Inside  loss,  % 

2.7, 2.5 
Avg.=2.6% 

7. 1,6.0 
Avg.=6.5% 

4.6, 4.0 
Avg.=4.3% 

Total  efficiency,  % 

Avg.=96.2% 

Avg.=81.8% 

Avg.=84.9% 

Da  = 5 pm 

Measured  efficiency,  % 

103,  100,96 
Avg. =99. 7% 

86,  89,  78, 
Avg.=84.3% 

99.5,91,93 

Avg.=94.6% 

Inside  loss,  % 

03,0.4,0.4 

Avg.=0.4% 

0.7,  0.9,  1.0 
Avg.=0.9% 

04,0.6,0.9 

Avg.=0.6% 

Total  efficiency,  % 

Avg.=  100.1% 

Avg.=85.2% 

Avg.=95.2% 

Da  = 1.6  pm 

Measured  efficiency,  % 

99.7, 97 
Avg.=  98.4% 

-- 

— 

Inside  loss,  % 

0.1,03 

Avg.=0.2% 

— 

— 

Total  efficiency,  % 

Avg.=98.6% 

— 

— 
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Table  A5-2.  Measured  efficiency  and  inside  loss  of  a CIS  sampler  at  three  wind 
orientations  and  six  particle  diameters. 

Wind  speed,  m/s,  sampling  flow  rate,  Q = 3 5 1/min, 


Wind  direction,  0 

0° 

90°  (forward) 

180° 

Da  = 68  pm 

Measured  efficiency,  % 

47.8,32.3 

Avg.=40% 

1.0, 1.7 
Avg  =1.3% 

0.4,  1.1 
Avg.  =0.7% 

Inside  loss,  % 

54.7,  68.0 
Avg.=61.3% 

1.3, 2.3 
Avg.=1.8% 

0.9, 0.4 
Avg.=0.6% 

Total  efficiency,  % 

Avg  =101.3% 

Avg.=3.1% 

Avg.=1.3% 

Da  = 4 1 pm 

Measured  efficiency,  % 

56,75,51 
Avg.=  61% 

03,0.9,0.9 
Avg.=  0.7% 

1.9, 1.9 
Avg.=  1.9% 

Inside  loss,  % 

54,30,43 
Avg.=  42% 

13,1.1,1.0 
Avg.=  1.1% 

0.9, 1.3 
Avg.=  1.1% 

Total  efficiency,  % 

Avg. =103% 

Avg.=  1.8% 

Avg.=3.0% 

Da  = 21  pm 

Measured  efficiency,  % 

79,77 

Avg.=78% 

7.3,  8.4 
Avg.=7.8% 

13.8, 13.7 
Avg.=13.7% 

Inside  loss,  % 

18.1, 15.1 
Avg.=16.6% 

8.6,  9.5 
Avg.=9% 

10.3, 11.7 
Avg.=l  1% 

Total  efficiency,  % 

Avg.=94.6% 

Avg.=16.9% 

Avg.=24.8% 

Da  = 10  pm 

Measured  efficiency,  % 

89.4,  86.8 
Avg.=88.1% 

63,  66.4,  64.8 
Avg.=64.7% 

78,  82.8 
Avg.=80.4% 

Inside  loss,  % 

5.9,87 

Avg.=7.3% 

5, 3.7, 3.6 
Avg.=4.1% 

4.6,  5.7 
Avg.=  5.1% 

Total  efficiency,  % 

Avg.=95.4% 

Avg.=68.8% 

Avg.=85.5% 

Da  = 5 pm 

Measured  efficiency,  % 

95,98,97,  88 
Avg.=94.5% 

80,  83,  80.7 

Avg.=  81.2% 

94,  93,  83,  86 
Avg.=89% 

Inside  loss,  % 

07,0.6,  1.4, 0.5 
Avg.=0.8% 

0.6. 0.3, 1.3, 
Avg.=0.7% 

0.5,  0.7, 0.8,  5.9 
Avg=2% 

Total  efficiency,  % 

Avg. =95.3% 

Avg.=82% 

Avg  =91% 

Da  = 1.6  pm 

Measured  efficiency,  % 

97.7,96.6 

Avg.=97.2% 

96.2,95.5 

Avg.=95.9% 

95.4,96.3 

Avg.=95.9% 

Inside  loss,  % 

0,0 

Avg.=0% 

1.2,  1.2 
Avg.=1.2% 

0,0 

Avg.=0% 

Total  efficiency,  % 

Avg.=97.2% 

Avg.=97.1% 

Avg.=95.9% 
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Table  A6-1.  Measured  efficiency  and  inside  loss  of  a Prototype  Button  Sampler  at  three 
wind  orientations  and  six  particle  diameters. 

Wind  Speed  = 0.55  m/s,  sampling  flow  rate  - 2.0  1/min. 


Wind  direction,  0 

0° 

90°  (forward) 

O 

O 

00 

Da  = 68  pm 

Measured  efficiency,  % 

122,88, 106 
Avg.=105% 

10.7,6.0 

Avg.=8.3% 

2.7, 1.2 
Avg.=2.0% 

Loss  on  gasket 

11,0.1,0.3 

Avg.=3.8% 

04,0.2 

Avg.=0.3% 

0.6, 0.2 
Avg.=0.4% 

Total  efficiency,  % 

Avg.=108.8% 

Avg.=8.6% 

Avg.=2.4% 

Da  = 41  pm 

Measured  efficiency,  % 

117.4,  135.3 
Avg.= 126.3% 

7.6,  17.5 
Avg.=12.6% 

11.3,9.5 

Avg.=10.4% 

Loss  on  gasket 

8.9, 7.1 
Avg.=8% 

0.0, 0.4 
Avg.=0.2% 

1.6, 0.7 
Avg.=l.l% 

Total  efficiency,  % 

Avg.=134.3% 

Avg.=12.8% 

Avg.=11.5% 

Da  = 21  pm 

Measured  efficiency,  % 

66.3,  84.3 
Avg.=75.3% 

19.1,26.7 

Avg.=22.9% 

15.6,21.5 

Avg.=18.6% 

Loss  on  gasket 

2.2, 2.7 
Avg.=2.4% 

0.1,  0.2 
Avg.=0.1% 

0.7, 0.6 
Avg.=0.6% 

Total  efficiency,  % 

Avg.=77.7% 

Avg.=23% 

Avg.=19.2% 

Da  = 10  pm 

Measured  efficiency,  % 

91.7,94.8 

Avg.=93.2% 

61.1,58 

Avg.=59.6% 

79.3,  83.2 
Avg.=81.2% 

Loss  on  gasket 

2.2,  1.0 
Avg.=1.6% 

0.9,0 

Avg.=0.4% 

1.6, 0.3 
Avg.=1.0% 

Total  efficiency,  % 

Avg.=94.8% 

Avg.=60% 

Avg.=82.2% 

D.  = 5 pm 

Measured  efficiency,  % 

86,  86,  84,  85, 

87,92 

Avg.=87% 

80,84,79,76 

Avg.=80% 

85.3,77,83, 

Avg.=81.8% 

Loss  on  gasket 

0,  1,2.9, 0.6, 0.5, 
1.8 

Avg.=l.l% 

~0 

0.4,  0, 0 
Avg.=0.1% 

Total  efficiency,  % 

Avg.=88% 

Avg.=80% 

Avg.=81.9% 

Da  = 1.6  pm 

Measured  efficiency,  % 

98.3,95 

Avg.=96.6% 

... 

Loss  on  gasket 

0.3,0.5 

Avg.=0.4% 

... 

... 

Total  efficiency,  % 

Avg.=97% 

— 

— 
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Table  A6-2.  Measured  efficiency  and  inside  loss  of  a 
wind  orientations  and  six  particle  diameters. 


Prototype  Button  Sampler  at  three 
2.0  1/min. 


Wind  direction,  0 

0° 

90°  (forward) 

O 

O 

00 

Da  = 68  pm 

Measured  efficiency,  % 

150,  135 
Avg.=142% 

74,3.6 

Avg.=5.5% 

3.9, 1.8 
Avg.=2.8% 

Loss  on  gasket 

26.5,37.4 

Avg.=32% 

3.5, 3.2 
Avg.=3.3% 

03,0.2 

Avg.=0.2% 

Total  efficiency,  % 

Avg.=174% 

Avg. =8. 8% 

Avg.=3.0% 

Da  = 41  pm 

Measured  efficiency,  % 

166, 182, 172 
Avg.=  174% 

28. 22 
Avg  = 25% 

2.4, 2.4 
Avg.  =2 .4% 

Loss  on  gasket 

11.4, 22.5,20 
Avg=18% 

2,  0.6 

Avg.=1.3% 

0.3,0.7 
Avg  =0.5% 

Total  efficiency,  % 

Avg.=192% 

26.3% 

2.9% 

Da  = 21  pm 

Measured  efficiency,  % 

130, 121 
Avg.=125% 

31.4,33.2 

Avg.=32.3% 

33.6,  34.5 
Avg.=34% 

Loss  on  gasket 

7.5,6 

Avg  =6.8% 

1.1, 1.2 
Avg.=l.l% 

2,2.5 

Avg.=2.2% 

Total  efficiency,  % 

Avg.=132% 

Avg.=33.4% 

Avg.=36.2% 

Da  = 10  pm 

Measured  efficiency,  % 

86,  94, 85 
Avg. =88% 

45.4,  50.2 
Avg. =47. 8 

67,  69.7 
Avg  =68.3% 

Loss  on  gasket 

2.3,  3, 2 
Avg.=2.4% 

1.6, 2.6 
Avg  =2.1% 

3.0% 

Total  efficiency,  % 

Avg.=90.4% 

Avg.=  49.0% 

Avg.=71.3% 

Da  = 5 pm 

Measured  efficiency,  % 

86,92,82. 

Avg.=87% 

60.  63.4,  56,  69. 
Avg.=62% 

86, 96 
Avg.=91% 

Loss  on  gasket 

0,  1,3.5. 
Avg.=  1.5% 

1.9,  1.3, 0,0.6 
Avg.  =0.9% 

0, 1 

Avg.=0.5% 

Total  efficiency,  % 

Avg.=87% 

Avg.=63% 

Avg.=91% 

Da  = 1.6  pm 

Measured  efficiency,  % 

98.5,97.6 
Avg. =98% 

— 

— 

Loss  on  gasket 

0.2,  0.2 
Avg.=0.2% 

— 

— 

Total  efficiency,  % 

Avg.=98.2% 

— 

... 
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Table  A7.  Effect  of  wind  orientation  on  the  aspiration  efficiency  of  an  IOM  sampler. 
Wind  speed,  V,^  = 1.1  m/sec,  sampling  flow  rate  = 2 .0  1/min,  particle  diameter, 


Da  = 21  pm. 

0° 

O 

O 

60° 

90° 

Inlet  efficiency, 

% 

133, 142 
Avg.=137% 

127, 124 
Avg.=125% 

89,77,75 
Avg.=  80% 

10, 15 

Avg.=12.5% 

120° 

O 

O 

O 

O 

00 

r—i 

... 

10.2, 13.3 
Avg.=  1 1 .7% 

45.4,43.3 
Avg.=  44.3% 

46.5,50.9 
Avg.=  48.7% 

-- 

APPENDIX  B 

PARTICLE  SIZE  DISTRIBUTION  MEASURED  IN  THE  WOODWORKING 
INDUSTRY 
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(a)  Histogram  for  all  particles 
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mm 


rViffr 


^rTTf:i':r:— 


Particle  Aerodynamic  Diameter,  Da  ^ 


Fig.  B1-1  Particle  size  distribution  measurement  using  a University  of 
Washington  impactor.  Wind  speed  = 0.3  m/s. 


Mass  % less  than  D AMass  °A  I A log  D 
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Particle  Aerodynamic  Diameter,  Da  ^ 


® : not  including  particle  loss  on  the  top  surface 

M : including  particle  loss  on  the  top  surface  to  the  first  stage 

Fig.  B1-2.  Particle  size  distribution  measurement  using  a Marple  Personal 
Cascade  impactor.  Wind  speed  = 0.3  m/s. 
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Fig.  B2-1 . Particle  size  distribution  measurement  using  a University  of 
Washington  impactor.  Wind  speed  = 0.3  m/s. 


(b)  Cumulative  plot  for  wood  particles  (Dg  > 1 (i  m) 
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(a)  Histogram  for  all  particles 


Particle  Aerodynamic  Diameter,  Da  (jim) 


Fig.  B2-2.  Particle  size  distribution  measurement  using  a Marple 
Personal  Cascade  impactor.  Wind  speed  = 0.3  m/s. 
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Fig.  B3-1 . Particle  size  distribution  measurement  using  a University  of 
Washington  impactor.  Wind  speed  < 0.2  m/s. 


Mass  % less  than  D AMass  % / A log  D 


129 


Particle  Aerodynamic  Diameter,  Da  ^ 


(b)  Cumulative  plot  for  wood  particles  (Da  > 1 n m) 


Particle  Aerodynamic  Diameter,  Dg  ^ 

Fig.  B3-2.  Particle  size  distribution  measurement  using  a Marple 
Personal  Cascade  impactor.  Wind  speed  < 0.2  m/s. 


Mass  % less  than  D AMass  % / A log  D 


130 


(b)  Cumulative  plot  for  wood  particles  (D  a > 1 p m) 


Particle  Aerodynamic  Diameter,  D a (p  m) 


Fig.  B4-1 . Particle  size  distribution  measurement  using  a University  of 
Washington  impactor.  Wind  speed  < 0.2  m/s. 
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(a)  Histogram  for  all  particles 
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(b)  Cumulative  plot  for  wood  particles  (Dg  > 1 ^ m) 


Fig.  B4-2.  Particle  size  distribution  measurement  using  a Marple  Personal 
Cascade  impactor.  Wind  speed  < 0.2  m/s. 
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(a)  Histogram  for  all  particles 
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(b)  Cumulative  plot  for  wood  particles  (Da  > 1 p m) 


Fig.  B5-1 . Particle  size  distributions  measured  using  a University  of 
Washington  impactor.  Wind  speed  = 0.2  m/s. 
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Fig.  B5-2.  Particle  size  distribution  measurement  using  a Marple 
Personal  Cascade  impactor  Wind  speed  = 0.2  m/s. 
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(b)  Cumulative  plot  for  wood  particles  (Da  > 1 ^ m) 


Fig.  B6-1 . Particle  size  distribution  measurement  using  a University  of 
Washington  impactor.  Wind  speed  < 0.2  m/s. 
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® : not  including  particle  loss  on  the  top  surface 

rn  : including  particle  loss  on  the  top  surface  to  the  first  stage 

Fig.  B6-2.  Particle  size  distribution  measurement  using  a Marple 
Personal  Cascade  impactor.  Wind  speed  < 0.2  m/s. 
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(b)  Cumulative  plot  for  wood  particles  (Da  > 1 (a.  m) 
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Fig.  B7.  Particle  size  distribution  measurement  using  a Marple 
Personal  Cascade  impactor.  Wind  speed  = 0.6  m/s. 
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(b)  Cumulative  plot  for  wood  particles  (Da  > 1 p m) 
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Fig.  B8-1 . Particle  size  distribution  measurement  using  a University  of 
Washington  impactor.  Wind  speed  < 0.2  m/s. 
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(b)  Cumulative  plot  for  wood  particles  (Da  > 1 ^ m) 
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Fig.  B8-2.  Particle  size  distribution  measurement  using  a Marple 
Personal  Cascade  impactor.  Wind  speed  < 0.2  m/s. 


Mass  % less  than  D AMass  % / A log  D 


139 


(b)  Cumulative  plot  for  wood  particles  (Da  > 1 ^ m) 
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Fig.  B9.  Particle  size  distribution  measurement  using  a Marple 
Personal  Cascade  impactor.  Wind  speed  < 0.2  m/s. 
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(b)  Cumulative  plot  for  wood  particles  (Da  > 1 |a  m) 


Fig.  B10-1.  Particle  size  distribution  measurement  using  a University  of 
Washington  impactor.  Wind  speed  = 0.3  m/s. 


Mass  % less  than  D 


141 


0.1  1 10  100  1000 


Particle  Aerodynamic  Diameter,  Da  (jli  m) 


(b)  Cumulative  plot  for  wood  particles  (Da  > 1 p m) 


Fig.  B10-2.  Particle  size  distribution  measurement  using  a Marple 
Personal  Cascade  impactor.  Wind  speed  = 0.3  m/s. 
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Fig.  B11-1.  Particle  size  distribution  measurement  using  a University  of 
Washington  impactor.  Wind  speed  < 0.2  m/s. 


(b)  Cumulative  plot  for  wood  particles  (Da  > 1 p m) 
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(b)  Cumulative  plot  for  wood  particles  ( D_  > 1 p m) 
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® : not  including  particle  loss  on  the  top  surface 

M : including  particle  loss  on  the  top  surface  to  the  first  stage 

Fig.  B11-2.  Particle  size  distribution  measurement  using  a Marple 
Personal  Cascade  impactor.  Wind  speed  < 0.2  m/s. 
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(b)  Cumulative  plot  for  wood  particles  (Dg  > 1 p m) 
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Fig.  B12.  Particle  size  distribution  measurement  using  a University  of 
Washington  impactor.  Wind  speed  < 0.2  m/s. 
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(b)  Cumulative  plot  for  wood  particles  (Da  > 1 p.  m) 


Fig.  B 1 3-1  Particle  size  distribution  measurement  using  a University  of 
Washington  impactor.  Wind  speed  < 0.2  m/s. 
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(b)  Cumulative  plot  for  wood  particles  (Dg  > 1 ^ m) 
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Fig.  B13-2.  Particle  size  distribution  measurement  using  a Marple 
Personal  Cascade  impactor.  Wind  speed  < 0.2  m/s. 
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(b)  Cumulative  plot  for  wood  particles  (Da  >1[im) 
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Fig.  B14-1  Particle  size  distribution  measurement  using  a University  of 
Washington  impactor.  Wind  speed  < 0.2  m/s. 
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(b)  Cumulative  plot  for  wood  particles  (Da  > 1 p m) 


Fig.  B14-2.  Particle  size  distribution  measurement  using  a Marple 
Personal  Cascade  impactor.  Wind  speed  < 0.2  m/s. 
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Fig.  B 1 5-1  Particle  size  distribution  measurement  using  a University  of 
Washington  impactor.  Wind  speed  < 0.2  m/s. 


(b)  Cumulative  plot  for  wood  particles  (Da  > 1 p m) 
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(a)  Histogram  for  all  particles 
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(b)  Cumulative  plot  for  wood  particles  (Dg  > 1 p m) 
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Fig.  B15-2.  Particle  size  distribution  measurement  using  a Marple 
Personal  Cascade  impactor.  Wind  speed  < 0.2  m/s. 


APPENDIX  C 

INLET  EFFICIENCIES  OF  TWO  IMP  ACTORS  AND  ONE  THIN-WALLED  PROBE 
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Table  Cl-1.  Inlet  efficiency  and  inside  loss  of  a Marple  Personal  Cascade  impactor  (with  a 
visor)  at  three  wind  orientations  and  six  particle  diameters. 

Wind  speed,  = 0.55  m/s,  sampling  flow  rate  - 2,0  1/min, 


Wind  direction,© 

0° 

90°  (forward) 

180° 

Da  = 68  pm 

First-stage  outlet 
efficiency,  % 

7.1,  11.8 
Avg.=9.4% 

10.2,  10.4 
Avg.=10.3% 

6.4,  4.4 
Avg.=5.4% 

Loss  on  first  stage, 
% 

0.7,  1.5 
Avg.=l.l% 

3.3,  5.4 
Avg.=4% 

1.1,  0.2 
Avg.=l.l% 

Loss  inside  the  cap,  % 

0,0 

Avg.=0% 

0.0,  0.7 
Avg.=0.3% 

0.2,  0.0 
Avg.=0.1% 

Inlet  efficiency,  % 

Avg.=10.5% 

Avg.=15.0% 

Avg.=6.1% 

Da  = 41  pm 

First-stage  outlet 
efficiency,  % 

9.9,  9.0 
Avg.=9.4% 

10.0,  5.1 
Avg.=  7.8% 

20.5,  9.2 
Avg.=15.3% 

Loss  on  first  stage, 
% 

5.1,  5.5 
Avg.=5.3% 

3.8,  4.8 
Avg.=4.3% 

9.8,  6.8 
Avg.=8.3% 

Loss  inside  the  cap,  % 

1.0,  0.4 
Avg.=0.7% 

1.5,  3.6 
Avg.=2.5% 

0.4,  0.2 
Avg.=0.3% 

Inlet  efficiency,  % 

Avg^lSAVo 

Avg.=14.4% 

Avg.=23.4% 

Da  = 21  pm 

First-stage  outlet 
efficiency,  % 

33.9,  32.5 
Avg.=33.2% 

29.8,  29.7 
Avg.=29.7% 

33.6,  35.3 
Avg.=34.4% 

Loss  on  first  stage, 
% 

11.1,  9.9 
Avg.=10.9% 

7.2,  5.5 
Avg.=6.3% 

11.3,  13.1 
Avg.=12.2% 

Loss  inside  the  cap,  % 

5.3,  0.9 
Avg.=3.1% 

7.9,  6.7 
Avg.=7.3% 

1.6,  0.5 
Avg.=1.0% 

Inlet  efficiency,  % 

Avg.=46.8% 

Avg.=43.4% 

Avg.=47.7% 

Da  = 10  pm 

First-stage  outlet 
efficiency,  % 

83.2,  73.5 
Avg.=78.3% 

80.9,  84.1 
Avg.=82.5% 

81.2,  79.7 
Avg.=80.4% 

Loss  on  first  stage, 
% 

6.9,  9.0 
Avg.=8% 

4.9,  5.1 
Avg.=5.0% 

6.3,  6.6 
Avg.=6.5% 

Loss  inside  the  cap,  % 

1.0,  0.5 
Avg.=0.7% 

0.5,  2.5 
Avg.=1.5% 

0.5,  0.0 
Avg.=0.2% 

Inlet  efficiency,  % 

Avg.=87% 

Avg.=89% 

Avg.=87.1% 
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Wind  direction,  0 

0° 

90°  (forward) 

180° 

Da  = 5 pm 

First-stage  outlet 
efficiency,  % 

92,  96,  94 
Avg  =94% 

102,  103 
Avg.=102.5% 

98,  93.5 
Avg.=95.7% 

Loss  on  first  stage, 
% 

2.2,  2.2,  1.8 
Avg.=2.1% 

2.3,  2.3 
Avg.=2.3% 

1.7,  2.6 
Avg.=2.1% 

Loss  inside  the  cap,  % 

0.4,  0.1,  0.4 
Avg.=0.3% 

0.5,  0.3 
Avg.=0.4% 

0,0 

Avg.=  0% 

Inlet  efficiency,  % 

Avg.=96.4% 

Avg.=105.2% 

Avg.=97.8% 

Da  =1.6  urn 

First-stage  outlet 
efficiency,  % 

98,  95 

Avg.=  96.5% 

— 

— 

Loss  on  first  stage, 
% 

0.1,  0.4 
Avg.=0.2% 

— 

— 

Loss  inside  the  cap,  % 

0,0 

Avg.=0% 

— 

— 

Inlet  efficiency,  % 

96.7% 

— 

— 
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Table  Cl-2.  Inlet  efficiency  and  inside  loss  of  a Marple  Personal  Cascade  impactor  (with  a 
visor)  at  three  wind  orientation  and  six  particle  diameters. 


Wind  direction,  0 

0° 

90°  (forward) 

180° 

Da  = 68  pm 

First-stage  outlet 
efficiency,  % 

8.3,  1.9,  1.7 
Avg.=4.0% 

17.3,26.8 
Avg.  =22% 

16.9,  14.9 
Avg. =15. 9% 

Loss  on  first  stage, 
% 

6.3,  1.6,  0.1 
Avg.  =2. 7% 

7.8,  12.6 
Avg. =10. 2% 

13.0,  8.3 
Avg. =10. 6% 

Loss  inside  the  cap,  % 

0.0,  0.1,  0.0 
Avg.=0% 

1.4,  0.0 
Avg.=0.7% 

0.1,  0.2 
Avg.  =0.1% 

Inlet  efficiency,  % 

Avg.=  6.7% 

Avg.=33% 

Avg.=26.7% 

Da  = 41  pm 

First-stage  outlet 
efficiency,  % 

12%,  15% 
Avg.  = 13% 

13.6,  14.6 
Avg.  = 14.1% 

13%,  13.7% 
Avg.=13.3% 

Loss  on  first  stage, 
% 

7.7%,  18% 
Avg. =12% 

10.2,  14 
Avg.=12% 

12%,  10% 
Avg.  = 11% 

Loss  inside  the  cap,  % 

2.3,  2 

Avg  =2.1% 

10.1,  17.3 
Avg.=13.7% 

1.2%,  1% 
Avg.  =1.1% 

Inlet  efficiency,  % 

Avg.=  27.1% 

Avg. =39. 8% 

Avg.=25.4% 

Da  = 21  pm 

First-stage  outlet 
efficiency,  % 

37,  36 

Avg.=36.5% 

23.1,  9.1 
Avg.=16.1% 

35.1,  26 
Avg.=30.6% 

Loss  on  first  stage, 
% 

12.7,  11.1 
Avg. =1 1.9% 

7.8,  4.7 
Avg.  =6. 2% 

11.8,  7.1 
Avg.  =9. 4% 

Loss  inside  the  cap,  % 

6.2,  5.0 
Avg. =5. 6% 

21.9,  32.9 
Avg.=27.4% 

1.1,  2.4 
Avg.=1.8% 

Inlet  efficiency,  % 

Avg.=54% 

Avg. =49. 5% 

Avg.=42% 

Da  = 10  pm 

First-stage  outlet 
efficiency,  % 

77,  93,  78 
Avg.=82.6% 

72.3,  60.6 
Avg. =66. 5% 

79.1,  76.8 
Avg. =78% 

Loss  on  first  stage, 
% 

6.9,  8.7,  8.6 
Avg. =8.1% 

6.0,  6.0 
Avg. =6.0% 

8.1,  5.3 
Avg.  =6. 7% 

Loss  inside  the  cap,  % 

4.1,  4.2,  2.5 
Avg. =3. 6% 

3.1,  3.9 
Avg. =3. 5 

0.5,  0.3 
Avg.=0.4% 

Inlet  efficiency,  % 

Avg.=94.3% 

Avg.=76% 

Avg.=85% 
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Wind  direction,  0 

0° 

90°  (forward) 

180° 

Da  = 5 pm 

First-stage  outlet 
efficiency,  % 

102,  96.5 
Avg.=99.2% 

95.5,  97 
Avg.=  96.2% 

96,  99 

Avg.=97.5% 

Loss  on  first  stage, 
% 

1.8,  1.5 
Avg.=l.l% 

2.0,  2.4 
Avg.=2.2% 

3.1,  2.8 
Avg.=3% 

Loss  inside  the  cap,  % 

0.3,  0.5 
Avg.^0.4% 

1.0,  1.5 
Avg.=1.2 

0,0 

Avg.=0  % 

Inlet  efficiency,  % 

Avg.-100.7 

% 

Avg.-99.6% 

Avg-100% 

Dt  = 1.6  pm 

First-stage  outlet 
efficiency,  % 

95,  94 

Avg.=94.5% 

— 

— 

Loss  on  first  stage, 
% 

0.4,  0.7 
Avg.=0.5% 

— 

— 

Loss  inside  the  cap,  % 

0,  0 

Avg.=0% 

— 

— 

Inlet  efficiency,  % 

Avg.=95% 

— 

— 
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Table  C2-1.  Inlet  efficiency  and  inside  loss  of  a Marple  Personal  Cascade  impactor 
(without  a visor)  at  three  wind  orientations  and  six  particle  diameters. 

Wind  speed.  = 0.55  m/s,  sampling  flow  rate  = 2.0  1/min, 


Wind  direction,© 

0° 

90°  (forward) 

180° 

Da  = 68  pm 

First-stage  outlet 
efficiency,  % 

279,  183 
Avg.=231% 

6.1,  8.2 
Avg.=7.1% 

28.5,  23.6 
Avg.=26% 

Loss  on  first  stage, 
% 

103,  67 
Avg.=85% 

4.0,  3.2 
Avg.=3.6% 

12.4,  20.8 
Avg.=16.6% 

Loss  inside  the  cap,  % 

0,  4.7 

Avg.=2.3% 

0.1,  0.6 
Avg.=0.3% 

0.0,  0.0 
Avg.=0% 

Inlet  efficiency,  % 

Avg.=318% 

Avg.=l  1% 

Avg.=42.6% 

Da  = 41  pm 

First-stage  outlet 
efficiency,  % 

101.5,  121.8 
Avg.=l  12% 

9.9,  19,  14 
Avg.=17.6% 

25.5,  23.8 
Avg.=24.6% 

Loss  on  first  stage, 
% 

69,  69.8 
Avg.=69.4% 

6.1,  8.5,  5.4 
Avg.=6.7% 

15.3,  15.1 
Avg.=15.2% 

Loss  inside  the  cap,  % 

3.4,  4.3 
Avg.=3.8% 

0.5,  1.1,  0.1 
Avg.=0.6% 

0.0,  0.1 
Avg.=0.0% 

Inlet  efficiency,  % 

Avg.=185% 

Avg-21.5% 

Avg.=40.3% 

Da  = 21  pm 

First-stage  outlet 
efficiency,  % 

106,  120 
Avg.-l  13% 

29.9,  28.3 
Avg.=29.1% 

58.3,  57.7 
Avg.=58% 

Loss  on  first  stage, 
% 

37.6,  44.4 
Avg.=41% 

7.5,  7.8 
Avg.=7.6% 

18.3,  16.2 
Avg.=17.2% 

Loss  inside  the  cap,  % 

1.2,  3.0 
Avg.=2. 1% 

9.1,  12.4 
Avg.=10.7% 

0.0,  0.0 
Avg.=0.0% 

Inlet  efficiency,  % 

Avg.=156% 

Avg.=47.5% 

Avg.=75.2% 

Da  = 10  pm 

First-stage  outlet 
efficiency,  % 

102,  106 
Avg.=104% 

82.5,  83.6 
Avg.=83% 

89.4,  88.3 
Avg.=88.8% 

Loss  on  first  stage,  % 

9.3,  12.4 
Avg.=10.8% 

5.7,  5.0 
Avg.=5.3% 

7.8,  8.6 
Avg.=8.2% 

Loss  inside  the  cap,  % 

0.1,  0.7 
Avg.=0.4% 

0.4,  0.5 
Avg.=0.4% 

0.1,  0.0 
Avg.=0% 

Inlet  efficiency,  % 

Avg.=l  15.2 
% 

Avg.=88.8% 

Avg.=97.1% 
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Wind  direction,  0 

0° 

90°  (forward) 

180° 

Da  = 5 pm 

First-stage  outlet 
efficiency,  % 

94.6,  100.4 
Avg.=97.5% 

94,  95 

Avg.=94.5% 

93,  98 

Avg.=95.5% 

Loss  on  first  stage, 
% 

1.6,  2.0 
Avg.=1.8% 

1.6,  1.9 
Avg.=1.7% 

1.3,  1.7 
Avg.=1.5% 

Loss  inside  the  cap,  % 

0,0 

Avg.=0  % 

0.3,  0.1 
Avg.=0.2% 

0,0 

Avg.=0  % 

Inlet  efficiency,  % 

Avg-99.3% 

Avg.=96.4% 

Avg.=97% 

D,=  1.6  pm 

First-stage  outlet 
efficiency,  % 

102,  98 
Avg.=100% 

— 

— 

Loss  on  first  stage, 
% 

0.8,  0.7 
Avg.=0.7% 

— 

— 

Loss  inside  the  cap,  % 

0,  0.1 
Avg.=0% 

— 

— 

Inlet  efficiency,  % 

Avg.=100.7 

% 

— 

— 
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Table  C2-2.  Inlet  efficiency  and  inside  loss  of  a Marple  Personal  Cascade  impactor 
(without  a visor)  at  three  wind  orientations  and  six  particle  diameters. 


Wind  direction,© 

0° 

90°  (forward) 

180° 

Da  = 68  pm 

First-stage  outlet 
efficiency,  % 

458,  565,  484 
Avg.=502% 

6.5,  11.5 
Avg. =9% 

22.1,  18 
Avg.  =20% 

Loss  on  first  stage, 
% 

260,  205,  289 
Avg.=2581% 

1.6,  3.5 
Avg. =2. 5% 

7.9,  5.0 
Avg. =6. 5% 

Loss  inside  the  cap, 
% 

2.6,  1.4,  0.2 
Avg.=l  .4% 

1.3,  1.8 
Avg  =1.5% 

0.1,  0.0 
Avg  =0.0% 

Inlet  efficiency,  % 

Avg.  =7 5 5% 

Avg.=13. 1% 

Avg.=26.7% 

Da  = 41  pm 

First-stage  outlet 
efficiency,  % 

150%,  182% 
Avg.  = 166% 

6.2,  5.3 
Avg.  = 5.7% 

18%,  17.6% 
Avg.=17.8% 

Loss  on  first  stage, 
% 

160%,  169% 
Avg.=164% 

2.1,  4.0 
Avg  =3% 

1 1%,  7.7% 
Avg.  =9.4% 

Loss  inside  the  cap, 
% 

25,  30 
Avg.=27% 

0,  0.8 

Avg.  =0.4% 

0.6%,  0% 
Avg.  =0.3% 

Inlet  efficiency,  % 

Avg.  =3  5 7% 

Avg.  =9. 1% 

Avg. =27. 5% 

Da  = 21  pm 

First-stage  outlet 
efficiency,  % 

133,  128 
Avg.=130.5% 

32.7,  24.8 
Avg.=28.7% 

53.2,  57.3 
Avg.=55.3% 

Loss  on  first  stage, 
% 

65.7,  49 
Avg. =57. 4% 

10.5,  9.9 
Avg  =10.2% 

13.7,  14 
Avg  =13.8% 

Loss  inside  the  cap, 
% 

18.1,  7 
Avg. =12. 6% 

17.8,  6.4 
Avg.=12.1% 

1,  0.3 

Avg.=0.6% 

Inlet  efficiency,  % 

Avg. =200. 4% 

Avg  =51% 

Avg  =69.8% 

Da=  10  pm 

First-stage  outlet 
efficiency,  % 

116,  111 
Avg.=l  13% 

79.3,  72.2 
Avg.=75.7% 

86.3,  97 
Avg. =9 1.6% 

Loss  on  first  stage, 
% 

9.4,  11.7 
Avg  =10.5% 

6.0,  6.7 
Avg.=6.3% 

6.2,  5.1 
Avg.=5.6% 

Loss  inside  the  cap, 
% 

0.8,  0.9 
Avg.  =0.8% 

2.6,  1.5 
Avg.=2.0% 

0.8,  0.0 
Avg.  =0.4% 

Inlet  efficiency,  % 

Avg. =124. 3% 

Avg. =84.1% 

Avg.  =97. 7% 
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Wind  direction,  0 

0° 

90°  (forward) 

180° 

Da  = 5 pm 

First-stage  outlet 
efficiency,  % 

109,  112,  108, 
112. 

Avg=l  10.2% 

101.5,  93 
Avg.=97.2% 

100,  106 
Avg.=103% 

Loss  on  first  stage, 
% 

2.1,  1.7,  3.5,  3. 
Avg.=2.6% 

2.0,  1.8 
Avg.=1.9% 

4.9,  0.7 
Avg.=2.87% 

Loss  inside  the  cap, 
% 

0,  0.1,  0.3,  0.2. 
Avg.=0.1% 

1.2,  0.3 
Avg.=0.7% 

0,0 

Avg.=0% 

Inlet  efficiency,  % 

Avg.=l  13% 

Avg.=99.9% 

Avg.=106% 

Da  = 1.6  pm 

First-stage  outlet 
efficiency,  % 

96,  100 
Avg.=98% 

— 

— 

Loss  on  first  stage, 
% 

0.7,  0.3 
Avg.=0.5% 

— 

— 

Loss  inside  the  cap, 
% 

0.1,  0 
Avg.=0% 

— 

— 

Inlet  efficiency,  % 

Avg.=  98.5% 

— 

— 
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Table  C3-1 . Effect  of  wind  orientation  on  the  inlet  efficiency  of  a Marple  Personal 


Cascade  impactor  (with  a visor).  Da  = 68  pm,  Vwind  = 1 . 

m/s. 

0° 

45° 

90° 

135° 

180° 

First-stage 

outlet 

efficiency,  % 

8.3, 1.9, 1.7 
Avg.=4.0% 

117,98 

Avg.=108% 

17.3,26.8 

Avg.=22% 

59,  62.8 
Avg.=61% 

16.9,  14.9 
Avg.=15.9% 

Loss  on  first 
stage 

6.3,  1.6,  0.1 
Avg.=2.7% 

63.7,30 

Avg.=47% 

7.8,  12.6 
Avg.=10% 

47, 47.8 
Avg.=47.4% 

13.0,  8.3 
Avg.=10.6% 

Loss  inside 
the  cap 

0.0, 0.1,  o.o 

Avg.=0% 

1.0,  27 
Avg.=14% 

1.4,  0.0 
Avg.=0.7% 

0,0 

Avg.=0% 

0.1,  0.2 
Avg.=0.1% 

Inlet 

efficiency,  % 

Avg.=  6.7% 

Avg.=168% 

Avg.=33% 

Avg.=108% 

Avg.=26.7% 

Table  C3-2.  Effect  of  wind  orientation  on  the  inlet  efficiency  of  a Marple  Personal 
Cascade  impactor  (without  a visor).  Da  = 68  pm,  =1.1  m/s. 


0° 

90° 

135° 

180° 

First-stage  outlet 
efficiency,  % 

458,  565,  484 
Avg.=502% 

6.5,  11.5 
Avg,=9% 

3.3% 

22.1,  18 
Avg.=20% 

Loss  on  first  stage 

260,  205,  289 
Avg.=2581% 

1.6,  3.5 
Avg.=2.5% 

2.1% 

7.9,  5.0 
Avg.=6.5% 

Loss  inside  the  cap 

2.6,  1.4,  0.2 
Avg.=1.4% 

1.3,  1.8 
Avg.=1.5% 

0.1% 

0.1,  0.0 
Avg.=0.0% 

Inlet  efficiency,  % 

Avg.=755% 

Avg.=13.1% 

5.5% 

Avg.=26.7% 
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Table  C4-1.  Inlet  efficiency  of  a University  of  Washington  (U-W)  impactor. 


Wind  speed, 

VHind  = 0.55  m/s , sampling  flow  rate  = 15  1/min. 

Particle 

Diameter 

Da  = 68  pm 

Da  = 41  pm 

Da  = 21  pm 

Efficiency, 

% 

47.4,  45.1 
Avg.=46% 

74.4,  74.8 
Avg.=75% 

88.5,  89.5 
Avg. =89% 

Particle 

Diameter 

Da  = 10  pm 

Da  = 5 pm 

Da  =1.6  pm 

Efficiency, 

% 

96.8,  98.7 
Avg.=98% 

96,  104,  103, 
101 

Avg.=101% 

99.5,  96 
Avg. =98% 

Table  C4-2. 
Wind  speed, 

Inlet  efficiency  of  a 
V^d  =1.1  m/s , sam 

University  of  Washington  (U-W)  impactor 
pling  flow  rate  = 1 5 l/min. 

Particle 

Diameter 

Da  =68  pm 

Da  =41  pm 

Da  =2 1 pm 

Efficiency, 

% 

11.6,  7.4 
Avg.  =9% 

20.7,  15.7,  22, 

18 

Avg. =19% 

63,  52,  58,  62 
Avg. =5  9% 

Particle 

Diameter 

Da  =10  pm 

Da  = 5 pm 

Da  =1.6  pm 

Efficiency, 

% 

91,  90.5 
Avg  =91% 

97,  97 
Avg. =97% 

95.5,  100 
Avg.  =98% 

Table  C5-1.  Inlet  efficiency  of  a thin-walled  probe  (D;  = 6.8  mm). 
Wind  speed,  0.55  m/s.  Sampling  flow  rate  = 2.0  1/min. 


Wind  direction,  0 

0° 

90°  (forward) 

180° 

Da  = 68  pm 

Inlet  efficiency, 
% 

66,  67 

Avg.=66.5% 

8.8,  3.7 
Avg.=6.2% 

10.7,  6.1 
Avg.=8.4% 

Da  = 41  pm 

Inlet  efficiency, 
% 

82.3,  74.0 
Avg.=78.1% 

24.1,  31.3 
Avg.=27.7% 

10.5,  8.1 
Avg.=9.3% 

Da  = 21  pm 

Inlet  efficiency, 
% 

95.4,  102 
Avg.=98.7% 

61.9,  56.3 
Avg.=59.1% 

34.5,  34.6 
Avg.=34.5% 

Da=  10  pm 

Inlet  efficiency, 
% 

93.8,  101 
Avg.=97.4% 

92.2,  85.3 
Avg.=88..8% 

80.3,  80.3 
Avg.=80.3% 

Da  = 5 pm 

Inlet  efficiency, 

% 

102,  100 
Avg.=101% 

103,  87,  94.5 
Avg.=95% 

102,  97,  87.5 
Avg.-95.5% 

Da=  1.6  pm 

Inlet  efficiency, 
% 

100,  99.3 
Avg.=99.6% 

— 

— 
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Table  C5-2.  Inlet  efficiency  of  a thin-walled  probe  (Dj  = 6.8  mm). 


Wind  direction,  0 

0° 

90°  (forward) 

180° 

Da  = 68  pm 

Inlet  efficiency, 
% 

109,  106 
Avg.=107.5 
% 

13,  9.0 
Avg.=ll% 

0.9,  1.9 
Avg.=1.4% 

Da  = 41  pm 

Inlet  efficiency, 
% 

105,  104 
Avg.=104.5 
% 

7.4,  12.6 
Avg.=10% 

4.8,  5.5 
Avg.=5.1% 

Da  = 21  pm 

Inlet  efficiency, 
% 

105% 

29.2,  20.7 
Avg.=24.9% 

9.7,  14.9 
Avg.=12.3% 

Da  = 10  pm 

Inlet  efficiency, 
% 

103,  101 
Avg.=102% 

77.8,  73.7 
Avg.=  75.7% 

77.2,  81.2 
Avg.=79.2% 

Da  = 5 pm 

Inlet  efficiency, 
% 

102,  99 

Avg.=100.5 

% 

96,  94 
Avg.=95% 

93,  92.5 
Avg.=92.7% 

Da  = 1.6  pm 

Inlet  efficiency, 

% 

102,  97 
Avg.=99.5% 

— 

— 

APPENDIX  D 

COMPARISON  BETWEEN  THE  MEASURED  AND  THE  CALCULATED  INLET 
EFFICIENCY 
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Table  Dl-1 . Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Belyaev  and  Levin  (1974)  for  a thin-walled  probe  ( D;  = 6.8 
mm,  Qj  = 2.0  1/min). 


Wind  speed,  Vw  = 0.55  m/s,  wind  direction,  9 = 0°, 


Da  (pm) 

68 

41 

21 

10 

5 

1.6 

Calculated  value 

69% 

78% 

90% 

97% 

99% 

100% 

Experimental  value 

67% 

78% 

99% 

97% 

101% 

100% 

Table  Dl-2.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Belyaev  and  Levin  (1974)  for  a thin-walled  probe  ( D;  = 6.8 
mm,  Q;  = 2.0  1/min). 


Wind  speed,  Vw  = 1. 1 m/s,  wind  direction,  9 = 0°. 


Da  (pm) 

68 

41 

21 

10 

5 

1.6 

Calculated  value 

117% 

114% 

107% 

102% 

101% 

100% 

Experimental  value 

108% 

105% 

105% 

102% 

101% 

100% 
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Table  D2-1.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Belyaev  and  Levin  (1974)  for  a CIS  sampler  ( Db  = 10  mm,  D; 
= 8.5  mm,  Qj  = 3.5  1/min). 


Wind  speed,  Vw  = 0.55  m/s,  wind  direction,  9 = 0°. 


Da  (pm) 

68 

41 

21 

10 

5 

1.6 

Calculated  value 

65% 

76% 

90% 

97% 

99% 

100% 

Experimental  value 

73% 

74% 

89% 

96% 

100% 

99% 

Table  D2-2.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Belyaev  and  Levin  (1974)  for  a CIS  sampler  ( Db  = 10  mm,  D; 
= 8.5  mm,  Q;  = 3.5  1/min). 


Wind  speed,  Vw  = 1.1  m/s,  wind  direction,  9 = 0°. 


Da  (pm) 

68 

41 

21 

10 

5 

1.6 

Calculated  value 

106% 

104% 

102% 

101% 

100% 

100% 

Experimental  value 

101% 

103% 

95% 

95% 

95% 

97% 
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Table  D3-1 . Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Belyaev  and  Levin  (1974)  for  an  IOM  sampler  ( Db  = 34  mm, 
D;  = 15  mm,  - 2.0  1/min). 


Wind  speed,  Vw  = 0.55  m/s,  wind  direction,  9 = 0°. 


Da  (pm) 

68 

41 

21 

10 

5 

1.6 

Calculated  value 

164% 

130% 

109% 

102% 

101% 

100% 

Experimental  value 

180% 

129% 

111% 

101% 

95% 

100% 

Table  D3-2.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Belyaev  and  Levin  (1974)  for  an  IOM  sampler  ( Db  = 34  mm, 
D;  = 15  mm,  Q;  = 2.0  1/min). 


Wind  speed,  Vw  = 1.1  m/s,  wind  direction,  9 = 0°. 


Da  (pm) 

68 

41 

21 

10 

5 

1.6 

Calculated  value 

336% 

227% 

141% 

110% 

103% 

100% 

Experimental  value 

342% 

233% 

137% 

104% 

101% 

102% 
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Table  D4-1.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Belyaev  and  Levin  (1974)  for  a 7-hole  sampler  ( Db  = 34  mm, 
Dj  = 13  mm,  Q,  = 2.0  1/min). 


Wind  speed,  Vw  = 0.55  m/s,  wind  direction,  9 = 0° 


Da  (nm) 

68 

41 

21 

10 

5 

1.6 

Calculated  value 

140% 

119% 

106% 

101% 

100% 

100% 

Experimental  value 

120% 

101% 

100% 

101% 

100% 

102% 

Table  D4-2.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Belyaev  and  Levin  (1974)  for  a 7-hole  sampler  ( Db  = 34  mm, 
D;  = 13  mm,  Qj  = 2.0  1/min). 


Wind  speed,  Vw  = 1. 1 m/s,  wind  direction,  9 = 0°. 


Da  (Mm) 

68 

41 

21 

10 

5 

1.6 

Calculated  value 

270% 

190% 

129% 

107% 

102% 

100% 

Experimental  value 

286% 

187% 

133% 

104% 

101% 

101% 
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Table  D5-1 . Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Belyaev  and  Levin  (1974)  for  a closed-face  37-mm  sassette 
( Db  = 40  mm,  Dj  = 4.5  mm,  Q;  = 2.0  1/min). 


Wind  speed,  Vw  = 0.55  m/s,  wind  direction,  9 = 0°. 


Da  (m) 

68 

41 

21 

10 

5 

1.6 

Calculated  value 

66% 

82% 

94% 

99% 

100% 

100% 

Experimental  value 

61% 

94% 

91% 

99% 

97% 

101% 

Table  D5-2.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Belyaev  and  Levin  (1974)  for  a closed-face  37-mm  sassette 
( Db  = 40  mm,  D;  = 4.5  mm,  Q;  = 2.0  1/min). 


Da  (pm) 

68 

41 

21 

10 

5 

1.6 

Calculated  value 

73% 

85% 

95% 

99% 

100% 

100% 

Experimental  value 

100% 

121% 

97% 

92% 

101% 

97% 
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Table  D6-1.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Belyaev  and  Levin  (1974)  for  a Marple  Personal  Cascade 
impactor  (without  a visor),  (Db  = 45  mm,  D;  = 25  mm,  Q;  = 2.0  1/min). 


Da  (pm) 

68 

41 

21 

10 

5 

1.6 

Calculated  value 

285% 

182% 

124% 

106% 

101% 

100% 

Experimental  value 

318% 

185% 

156% 

115% 

99% 

101% 

Table  D6-2.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Belyaev  and  Levin  (1974)  for  a Marple  Personal  Cascade 
impactor  (without  a visor),  ( Db  = 45  mm,  D;  = 25  mm,  Q;  = 2.0  1/min). 


Da  (pm) 

68 

41 

21 

10 

5 

1.6 

Calculated  value 

733% 

413% 

196% 

123% 

106% 

101% 

Experimental  value 

755% 

357% 

200% 

124% 

113% 

99% 
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Table  D7-1.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  a thin-walled  probe  ( Dj  = 6.8 
mm,  Q;  = 2.0  1/min). 


Wind  speed,  Vw  - 0.55  m/s,  wind  direction,  9 = 0°. 


Da  (J«n) 

68 

41 

21 

10 

5 

1.6 

Calculated  value 

72% 

77% 

87% 

96% 

99% 

100% 

Experimental  value 

67% 

78% 

99% 

97% 

101% 

100% 

Table  D7-2.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  a thin-walled  probe  ( D;  = 6.8 
mm,  Q;  = 2.0  1/min). 


Wind  speed,  Fw  = 1. 1 m/s,  wind  direction,  9 = 0°. 


Da  (gm) 

68 

41 

21 

10 

5 

1.6 

Calculated  value 

114% 

112% 

107% 

103% 

101% 

100% 

Experimental  value 

108% 

105% 

105% 

102% 

101% 

100% 
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Table  D8-1.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  a CIS  sampler  ( Db  = 10  mm,  D, 
= 8.5  mm,  Qj  = 3.5  1/min). 


Wind  speed,  Vw  = 0.55  m/s , wind  direction,  9 = 0°. 


Da  (nm) 

68 

41 

21 

10 

5 

1.6 

Calculated  value 

64% 

71% 

85% 

95% 

99% 

99% 

Experimental  value 

73% 

74% 

89% 

96% 

100% 

99% 

Table  D8-2.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  a CIS  sampler  ( Db  = 10  mm,  D; 
= 8.5  mm,  Q;  = 3.5  1/min). 


Wind  speed,  Vw  = l.J  m/s,  wind  direction,  9 = 0°. 


Da  (pm) 

68 

41 

21 

10 

5 

1.6 

Calculated  value 

98% 

97% 

98% 

99% 

100% 

100% 

Experimental  value 

101% 

103% 

95% 

95% 

95% 

97% 
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Table  D9-1.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  an  IOM  sampler  ( Db  = 34  mm, 
D;  = 15  mm,  Qj  = 2.0  1/min). 

Wind  speed,  Vw  = 0.55  m/s,  wind  direction,  9 = 0°, 


Da  (pm) 

68 

41 

21 

10 

5 

1.6 

Calculated  value 

130% 

113% 

104% 

101% 

100% 

100% 

Experimental  value 

180% 

129% 

111% 

101% 

95% 

100% 

Table  D9-2.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  an  IOM  sampler  ( Db  = 34  mm, 
Dj  = 15  mm,  Q;  = 2.0  1/min). 


Wind  speed,  Vw  = 1.1  m/s,  wind  direction,  9 = 0°. 


Da(pm) 

68 

41 

21 

10 

5 

1.6 

Calculated  value 

247% 

170% 

122% 

105% 

101% 

100% 

Experimental  value 

342% 

233% 

137% 

104% 

101% 

102% 
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Table  DIO-1.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  a 7-hole  sampler  ( Db  = 34  mm, 
D;  = 13  mm,  Q;  = 2.0  1/min). 


Wind  speed,  Vw  = 0.55  m/s  wind  direction,  9 = 0°. 


Da  (gm) 

68 

41 

21 

10 

5 

1.6 

Calculated  value 

111% 

103% 

101% 

100% 

100% 

100% 

Experimental  value 

120% 

101% 

100% 

101% 

100% 

102% 

Table  D10-2.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  a 7-hole  sampler  ( Db  = 34  mm, 
D;  = 13  mm,  Q;  = 2.0  1/min). 


Wind  speed,  V„  = 1. 1 m/s,  wind  direction,  9 = 0°. 


Da  (gm) 

68 

41 

21 

10 

5 

1.6 

Calculated  value 

201% 

148% 

115% 

104% 

101% 

100% 

Experimental  value 

286% 

187% 

133% 

104% 

101% 

101% 
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Table  Dll-1.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  a closed-face  37-mm  sassette 
( Db  = 40  mm,  Dj  = 4.5  mm,  Qj  = 2.0  1/min). 


Wind  speed,  Vw  = 0.55  m/s,  wind  direction,  9 = 0°. 


Da  (pm) 

68 

41 

21 

10 

5 

1.6 

Calculated  value 

34% 

51% 

78% 

94% 

98% 

100% 

Experimental  value 

61% 

94% 

91% 

99% 

97% 

101% 

Table  D1 1-2.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  a closed-face  37-mm  sassette 
( Db  = 40  mm,  Dj  = 4.5  mm,  Qj  = 2.0  1/min). 


Wind  speed,  Vw  = 1.1  m/s,  wind  direction,  9 = 0°. 


Da  (pm) 

68 

41 

21 

10 

5 

1.6 

Calculated 

value 

44% 

53% 

74% 

92% 

98% 

100% 

Experimental  value 

100% 

121% 

97% 

92% 

101% 

97% 
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Table  D12-1.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  a Marple  Personal  Cascade 
impactor  (without  a visor),  (Db  = 45  mm,  Ds  = 25  mm,  Q;  = 2.0  1/min). 


- r»o 


Da  (pm) 

68 

41 

21 

10 

5 

1.6 

Calculated  value 

205% 

144% 

112% 

103% 

101% 

100% 

Experimental  value 

318% 

185% 

156% 

115% 

99% 

101% 

Table  D12-2.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  a Marple  Personal  Cascade 
impactor  (without  a visor),  (Db  = 45  mm,  D,  = 25  mm,  Qj  = 2.0  1/min). 


- n0 


Da  (pm) 

68 

41 

21 

10 

5 

1.6 

Calculated  value 

447% 

244% 

140% 

109% 

102% 

100% 

Experimental  value 

755% 

357% 

200% 

124% 

113% 

99% 
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Table  D13-1.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  a thin-walled  probe  ( D;  = 6.8 
mm,  Qj  = 2.0  1/min). 


Wind  speed,  Vw  = 0.55  m/s,  wind  direction,  9 = 90°. 


Da  (iun) 

68 

41 

21 

10 

5 

Calculated  value 

11% 

26% 

57% 

85% 

96% 

Experimental  value 

6% 

28% 

59% 

89% 

95% 

Table  D13-2.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  a thin-walled  probe  ( D;  = 6.8 
mm,  Qj  = 2.0  1/min). 


Wind  speed,  Vv  = 1.1  m/s,  wind  direction,  9 = 90° 


Da  (nm) 

68 

41 

21 

10 

5 

Calculated  value 

4% 

11% 

32% 

67% 

89% 

Experimental  value 

11% 

10% 

25% 

76% 

95% 

178 


Table  D14-1 . Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  a CIS  sampler  ( Db  = 30  mm  D; 
= 8.5  mm,  Q;  = 3.5  1/min). 


Wind  speed,  Vw  = 0.55  m/s,  wind  direction,  9 = 90°. 


Da  (pm) 

68 

41 

21 

10 

5 

Calculated  value 

8% 

20% 

48% 

80% 

94% 

Experimental  value 

6% 

12% 

57% 

82% 

85% 

Table  D14-2.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  a CIS  sampler  ( Db  = 30  mm,  D; 
- 8.5  mm,  Q(  = 3.5  1/min). 


Da  (pm) 

68 

41 

21 

10 

5 

1.6 

Calculated  value 

3% 

8% 

25% 

59% 

85% 

98% 

Experimental  value 

3% 

2% 

17% 

69% 

82% 

97% 
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Table  D15-1.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  an  IOM  sampler  ( Db  = 26  mm, 
D;  = 15  mm,  Q,  = 2.0  1/min). 


Wind  speed,  Vw  = 0.55  m/s,  wind  direction,  9 = 90°. 


Da  (pm) 

68 

41 

21 

10 

5 

Calculated  value 

9% 

21% 

50% 

82% 

95% 

Experimental  value 

3% 

17% 

35% 

78% 

92% 

Table  D15-2.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  an  IOM  sampler  ( Db  = 26  mm, 
D;  = 15  mm,  Q(  = 2.0  1/min). 


Wind  speed,  Vw  = 1.1  m/s,  wind  direction,  9 = 90°. 


Da  (pm) 

68 

41 

21 

10 

5 

Calculated  value 

3% 

9% 

26% 

61% 

86% 

Experimental  value 

3% 

6% 

13% 

64% 

90% 
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Table  D16-1.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  a 7-hole  sampler  ( Db  = 28  mm, 
D;  = 10  mm,  Qj  = 2.0  1/min). 


Wind  speed,  V„  = 0.55  m/s,  wind  direction,  9 = 90°. 


Da  (pm) 

68 

41 

21 

10 

5 

Calculated  value 

5% 

14% 

38% 

73% 

91% 

Experimental  value 

4% 

6% 

21% 

73% 

93% 

Table  D16-2.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  a 7-hole  sampler  ( Db  = 28  mm, 
D;  = 10  mm,  Q;  = 2.0  1/min). 


Wind  speed,  V„  = 1.1  m/s,  wind  direction,  9 = 90°. 


Da  (pm) 

68 

41 

21 

10 

5 

Calculated  value 

2% 

5% 

18% 

49% 

79% 

Experimental  value 

1% 

3% 

13% 

57% 

86% 
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Table  D17-1.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  a closed-face  37-mm  sassette 
( Db  = 37  mm,  D;  = 4.5  mm,  Q;  - 2.0  1/min). 


Da  (P™) 

68 

41 

21 

10 

5 

Calculated  value 

4% 

11% 

32% 

67% 

89% 

Experimental  value 

4% 

5% 

26% 

81% 

92% 

Table  D17-2.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  a closed-face  37-mm  sassette 
( Db  = 37  mm,  D;  = 4.5  mm,  Q;  = 2.0  1/min). 


Wind  speed,  V„  = 1.1  m/s , wind  direction,  9 = 90°. 


Da  (pm) 

68 

41 

21 

10 

5 

1.6 

Calculated  value 

2% 

4% 

14% 

42% 

74% 

97% 

Experimental  value 

2% 

2% 

14% 

65% 

84% 

95% 
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Table  D18-1.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  a Marple  Personal  Cascade 
impactor  (without  a visor),  (Db  = 32  mm,  D,  = 25  mm,  Q;  = 2.0  1/min). 


Da  (pm) 

68 

41 

21 

10 

5 

Calculated  value 

10% 

24% 

54% 

84% 

95% 

Experimental  value 

11% 

22% 

48% 

89% 

96% 

Table  D18-2.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  a Marple  Personal  Cascade 
impactor  (without  a visor),  (Db  = 32  mm,  D;  = 25  mm,  Qt  = 2.0  1/min). 


Da  (pm) 

68 

41 

21 

10 

5 

Calculated  value 

4% 

10% 

29% 

65% 

88% 

Experimental  value 

13% 

9% 

51% 

84% 

100% 
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Table  D19-1.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  a thin-walled  probe  ( Db  = 9.5 
mm,  Dj  = 6.8  mm,  Q{  = 2.0  1/min). 


Wind  speed,  Vw  - 0.55  m/s , wind  direction,  9 = 180°. 


Da  (pm) 

68 

41 

21 

10 

5 

Calculated  value 

4% 

11% 

33% 

68% 

89% 

Experimental  value 

8% 

9% 

35% 

80% 

96% 

Table  D19-2.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  a thin-walled  probe  ( Db  = 9.5 
mm,  D;  = 6.8  mm,  = 2.0  1/min). 


Wind  speed,  ¥„  = !.!  m/s,  wind  direction,  9 = 180° 


Da  (pm) 

68 

41 

21 

10 

5 

Calculated  value 

3% 

7% 

23% 

57% 

84% 

Experimental  value 

1% 

5% 

12% 

79% 

93% 
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Table  D20-1.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  a CIS  sampler  ( Db  = 47  mm  Dj 


= 8.5  mm,  = 3.5  1/min). 

Wind  speed,  Vw  = 0.55  m/s,  wind  direction,  9 = 180°. 


Da  (P™) 

68 

41 

21 

10 

5 

Calculated  value 

9% 

20% 

49% 

81% 

95% 

Experimental  value 

9% 

17% 

48% 

85% 

95% 

Table  D20-2.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  a CIS  sampler  ( Db  = 47  mm,  D; 
= 8.5  mm,  Q;  = 3.5  1/min). 


Da  (pm) 

68 

41 

21 

10 

5 

1.6 

Calculated  value 

6% 

14% 

38% 

73% 

92% 

98% 

Experimental  value 

1% 

3% 

25% 

86% 

91% 

96% 
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Table  D21-1.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  an  IOM  sampler  ( Db  = 34  mm, 
Dj  = 15  mm,  Q,  = 2.0  1/min). 


Wind  speed,  Vw  = 0.55  m/s,  wind  direction,  9 = 180°. 


Da  (P™) 

68 

41 

21 

10 

5 

Calculated  value 

17% 

36% 

68% 

91% 

97% 

Experimental  value 

4% 

24% 

55% 

91% 

99% 

Table  D21-2.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  an  IOM  sampler  ( Db  = 34  mm, 
D;  = 15  mm,  Q;  = 2.0  1/min). 


Wind  speed,  Vw  = 1.1  m/s,  wind  direction,  9 = 180°. 


Da  (pm) 

68 

41 

21 

10 

5 

Calculated  value 

12% 

26% 

58% 

86% 

96% 

Experimental  value 

10% 

11% 

49% 

94% 

93% 
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Table  D22-1 . Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  a 7-hole  sampler  ( Db  = 34  mm, 
D;  = 10  mm,  Q;  = 2.0  1/min). 


Wind  speed,  Vw  = 0.55  m/s,  wind  direction,  9 = 180°. 


Da  (m) 

68 

41 

21 

10 

5 

Calculated  value 

13% 

29% 

61% 

87% 

97% 

Experimental  value 

5% 

19% 

49% 

90% 

102% 

Table  D22-2.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  a 7-hole  sampler  ( Db  = 34  mm, 
D;  = 10  mm,  Qj  = 2.0  1/min). 


Wind  speed,  Vw  = 1.1  m/s , wind  direction,  9 - 180°. 


Da  (pm) 

68 

41 

21 

10 

5 

Calculated  value 

9% 

21% 

50% 

82% 

95% 

Experimental  value 

0% 

9% 

47% 

85% 

102% 
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Table  D23-1 . Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  a closed-face  37-mm  sassette 
( Db  = 40  mm,  D;  = 4.5  mm,  = 2.0  1/min). 


Wind  speed,  Vw  = 0.55  m/s,  wind  direction, 

II 

00 

o 

o 

Da  (pm) 

68 

41 

21 

10 

5 

Calculated  value 

4% 

11% 

33% 

68% 

90% 

Experimental  value 

4% 

19% 

41% 

82% 

88% 

Table  D23-2.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  a closed-face  37-mm  sassette 
( Db  = 40  mm,  D;  = 4.5  mm,  Q;  = 2.0  1/min). 


w ... 

Da  (pm) 

5 . 

68 

41 

21 

10 

5 

1.6 

Calculated  value 

3% 

7% 

23% 

57% 

84% 

96% 

Experimental  value 

7% 

5% 

29% 

83% 

85% 

92% 
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Table  D24-1.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  a Marple  Personal  Cascade 
impactor  (without  a visor),  (Db  = 45  mm,  D;  = 25  mm,  Q,  = 2.0  1/min). 

Wind  speed,  Vw  = 0.55  m/s,  wind  direction,  0 = 180°. 


Da  (pm) 

68 

41 

21 

10 

5 

Calculated  value 

31% 

55% 

82% 

95% 

99% 

Experimental  value 

43% 

40% 

75% 

97% 

97% 

Table  D24-2.  Comparison  between  the  measured  and  the  calculated  inlet  efficiency  using 
the  equations  developed  by  Vincent  and  his  colleague  for  a Marple  Personal  Cascade 
impactor  (without  a visor),  (Db  = 45  mm,  D(  = 25  mm,  Qt  = 2.0  1/min). 


Da  (pm) 

68 

41 

21 

10 

5 

Calculated  value 

22% 

43% 

75% 

93% 

98% 

Experimental  value 

27% 

28% 

70% 

98% 

106% 
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